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CORRECTION 
Vol. 33, p. 423. The following explanatory note should be added at the foot of the page. 


Note: In the ee pes of ninhydrin-hydrindantin reagent, the aqueous acetate buffer 


solution should be 


only after the ninhydrin and hydrindantin have been dissolved completely 
in the methyl cellosolve. 
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LEVELS AND PARTITION OF THE FOWL’S SERUM PROTEINS 
IN RELATION TO AGE AND EGG PRODUCTION! 


By W. E. VANSTONE?, W. A. Maw’, Ano R. H. Common! 


Abstract 


The level of total serum protein in the fowl has been followed from the 14th 
day of incubation to the 13th week of egg production. Serum proteins have 
been fractionated concurrently by zone electrophoresis in filter paper. Serum 
protein level in the 14-day embryo was 0.9 gm./100 ml. and the protein com- 
prised a prealbumin fraction, albumin, a@:- and B-globulins. Sera from chicks 
aged seven days no longer contained a prealbumin fraction but a-, @;-, and 
y-globulin fractions had appeared by this stage and the protein level had reached 
2.3 gm./100 ml. Total serum protein in females increased to a maximum of 
about 5.4 gm./100 ml. in the week before laying of the first egg. By that time 
two new protein fractions had appeared. These new fractions accounted for 
the greater part of the increase over the levels (4.0 gm./100 ml.) prevailing in 
the prepuberal stage. Serum protein level declined during the first three weeks 
of laying to average levels below 4.0 gm./100 ml.; and this decline pene to 
affect albumin and ai-globulin as well as the new fractions. As laying pro- 
gressed, the total serum protein tended to regain a level around 4.0 gm./100 ml. 
The electrophoretic pattern also tended to return towards that prevailing in the 
week before laying. Some tentative correlations of the results of zone electro- 
phoresis with published results for free electrophoresis of fowl serum proteins 
are presented. 


Introduction 


The onset of reproductive activity in the fowl is accompanied by the 
appearance of a new phosphoprotein constituent in the serum (17, 28). The 
immunological properties of this new ‘serum vitellin’ fraction have indicated 
that it is closely related to ovovitellin (27). Laskowski (18) showed that 
injection of anterior pituitary preparations would evoke the appearance of this 
fraction in the sera of non-laying hens. McDonald and Riddle (19) demon- 
strated subsequently that treatment with estrogen will increase the serum 
phosphoprotein level of mature and immature castrate and parathyroid- 
ectomized pigeons of both sexes; and Fleischmann and Fried (10) demon- 
strated that stilbestrol will cause the appearance of serum phosphoprotein in 
the blood of chicks. Similar observations have been made by a number of 

1 Manuscript received June 8, 1955. 
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P.Q. Supported by a Grant-in-Aid of Research from the National Research Council of Canada. 
Macdonald College Journal Series No. 375. 
2 National Research Council Scholar. 
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other workers (5, 4, 21) using either stilbestrol or steroid estrogens. These 
observations and a number of others (2, 16) are consistent with the theory 
that estrogen produced in the ovary under the stimulus of the anterior 
pituitary in turn stimulates the production by the liver of serum phospho- 
protein and perhaps of other serum proteins (21, 22); these new protein 
fractions are thought of as then being passed to the ovary and there utilized 
for yolk formation. 

In spite of the agreement about the appearance of serum vitellin, the 
influence of reproductive activity on the level of serum protein in the fowl 
has been the subject of some disagreement. Greenberg et al. (13) reported 
the following serum protein values for the pullet: 


0.5 to 2.0 months before laying 3.8% 
1 to 2 days before laying 5.0% 
after 2 weeks laying 4.2% 


These results would support the view that endogenous estrogen secretion 
in the fowl is sufficient to increase the level of serum protein at some stages of 
reproductive activity. It is reasonable to surmise that whether or not 
endogenous gonadal hormones produce a net increase of serum protein level 
may depend on the balance between the rate of production of serum proteins 
by the liver and the rate at which these proteins are being utilized for egg 
production. If endogenous estrogen activity attains a plateau level before 
laying actually begins, and if the amount secreted is sufficient to affect the 
serum protein level, then it would be reasonable to expect the highest values 
somewhere in the week preceding the laying of the first egg; for only with the 
establishment of laying would the rate of utilization of serum protein for egg 
production attain its maximum. The values reported by Greenberg et al. (13) 
are obviously consistent with such an hypothesis. 

Sturkie and Newman (31) determined the plasma protein level of fowl on 
days when the birds laid, on days when they laid and ovulated, and on days 
when they neither laid nor ovulated. The average plasma protein levels of 
these different categories did not differ significantly. Moreover, there was no 
significant difference between the plasma protein levels of laying and non- 
laying birds. Sturkie (30) has drawn the inference that ‘‘the amount of 
estrogen normally present in the blood of adult sexually mature female chickens 
either laying or non-laying does not affect the protein content of the blood 
appreciably.”” At the same time, the observations of Sturkie and Newman 
(31) do not exclude the possibility that endogenous estrogen may be sufficient 
in amount to increase the serum protein level at some particular stage of the 
reproductive cycle, as suggested above. It is true that the rate of estrogen 
production in the sexually mature pullet is not known, but Riddle (26) pointed 
out many years ago that it must be relatively great. Studies of the amounts 
of gonadal hormones necessary to produce increases of calcium retention 
by the immature pullet of the same order as those observed in the puberal 
pullet point to the same conclusion (6). 
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The foregoing considerations suggested a reinvestigation of the question by 
following the serum protein levels of a single group of fowl from the embryonic 
stage to full laying activity. At the same time the serum samples were 
subjected to zone electrophoresis in order to follow changes in the partition 
of the serum proteins. 


Experimental 


Experimental Methods 


Eggs (Barred Plymouth Rock oc X New Hampshire 9) were incubated 
at 38°C. Samples of embryonic blood were withdrawn by heart puncture on 
the 14th and 18th days of incubation. Blood samples were obtained by 
bleeding newly hatched chicks from the jugular vein, and from older chicks 
by puncture of the wing veins. Pooled samples from up to 18 embryos or 
from two to four chicks were collected to get sufficient serum for large scale 
electropherograms, but the results for older chicks and mature birds relate to 
individuals sampled at fortnightly intervals. 

The remaining experimental birds were placed, at four weeks of age, in 
individual cages in a laying battery where they remained throughout the 
period of observation. They were fed on a commercial chick starter at first, 
and then on broiler pellets until they reached maturity. Thereafter their diet 
was supplemented with grain and oyster shell. The birds remained in 
excellent condition throughout. 


Analytical Methods 


Total serum protein was determined by the biuret reaction (34, 20). 

All electropherograms were run in methanolic veronal buffer for 24 to 30 hr. 
at 5°-7° C. (4, 21). Sheets of Whatman 3MM paper 8.5 X 16 in. were used. 
Approximately 10 mgm. protein was applied to each 8.5 in. width of paper by 
varying the amounts of serum to meet variations in total serum protein level. 
The developed electropherograms were dried at room temperature and cut 
into nine strips. Six strips were extracted once with hot ethanol — ethyl 
ether (3 : 1 v/v) containing 5% trichloracetic acid, followed by three extrac- 
tions with hot ethanol-chloroform (1:1 v/v) containing 5% trichloracetic 
acid. Three of these extracted papers were stained for protein either with 
naphthalene black 12B (11), or with azocarmine B (14). The other three 
extracted papers were stained by the tetracetate-Schiff technique (12) to detect 
protein-bound carbohydrate. The remaining three strips, which had not 
been extracted with fat solvents, were stained for lipid by oil red O (9) or bya 
Sudan black B (32). The papers were scanned on a Photovolt Densitometer 
Model 525. The filters used were as follows: 


(a) Naphthalene black 12 B No filter 
(b) Azocarmine B 495 my 
(c) Oil red O 530 my 
(d) Sudan black B 600 my 


(e) Carbohydrates 495 my 
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The areas under the various peaks were determined by the method of 
Tiselius and Kabat (33). The results were then tabulated as percentages 
of the sum of all the areas. These data were then transformed into ‘absolute’ 
compositions by multiplying the total serum protein, as determined by the 
biuret reaction, by the percentage of each fraction in the total. Although 
different serum protein fractions do not bind the same amount of dye per unit 
protein nitrogen, this method permits a clearer comparative presentation of 
the experimental results than would a presentation of the data as percentages 
of the total protein. 

The lipid associated with the a;-globulin region usually disappeared with the 
beginning of laying, just as it does when the immature pullet is estrogenized 
(21), and the q@-globulin itself frequently was no longer distinguishable. 
This presented a difficulty when it came to the interpretation of the densito- 
metric results. This difficulty was met as follows: When an a@-globulin peak 
could not be distinguished, an ‘a;-globulin region’ was assessed visually. 
This region was measured densitometrically and recorded as ‘a,-globulin 
region’. In this way the percentages of albumin and ay-globulin were 
preserved on a basis strictly comparable to that for the prepuberal pullets, 
without any assertion being made as to the actual presence or absence of 
a@,-globulin. 

A further difficulty arose in connection with the description of results from 
laying birds. Six protein fractions (20, 21) are readily distinguished on 
electropherograms of sera from males or sexually inactive females (Fig. 1). 
When a bird comes under the influence of intense endogenous or exogenous 
estrogen, the electrophoretic pattern is complicated by the appearance of new 
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Fic. 1. Diagrammatic summary of protein fractions separated on filter paper electro- 
pherograms of sera from normal (control) and estrogenized immature pullets. The 
diagram illustrates the differences brought about in electropherograms of sera from 
estrogenized pullets by the substitution of methanolic buffer for aqueous buffer. 
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protein material, the results being such as to suggest the appearance of two 
new fractions (20, 22) (Fig. 1); and two fractions of similar electrophoretic 
behavior may be separated from egg yolk (21). The nomenclature used 
in this paper for these fractions is shown in Fig. 1. In recording the densito- 
metric results, therefore, the PP (presumptive phosphoprotein) fraction 
included a part of the y-globulin because the trailing edge of the y-globulin 
was admixed with the PP fraction. The part of the y-globulin concerned is 
referred to as y’-globulin. The zone (hereafter designated ’’ + 8) occupied 
by the second putative yolk protein consists of the remainder of the y-globulin 
(y-globulin) plus the second yolk protein, fraction 8. 

Lastly, it may be noted that the 8-globulin is nearly always clearly distin- 
guishable, but that when fraction 8 is present, its leading edge may be admixed 
with the trailing edge of the B-globulin. 


Experimental Results 


The quantitative results are tabulated in Tables I and II. No sex differences 
were apparent up to the fifth week of age. Accordingly, the data up to that 
age are averages that include the values for birds of both sexes. After the age 
of five weeks, most of the analyses were made on pullet blood (Table I); only 
four cockerels were retained under observation (Table II) in order to provide 
a rough check against possible major sources of variation other than sex. In 
order to bring the results to a comparable basis in terms of stage of the life 
cycle, the results for individual pullets after five weeks were related in time to 
the day of laying of the first egg, which was designated day 0. The position 
of day 0 relative to the date of hatching was taken as the average age at which 
the first egg was laid. The following major relations were apparent and are 
most easily followed by reference to Fig. 2: 
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Fic. 2. Serum protein levels in the normal fowl in relation to age, sex, and the onset 
of laying. 
Circled dots: embryonic and chick sera. Full lines: total serum protein. 
Circles: females. Broken lines: serum albumin. 
Full circles: males. Squares and full line: PP fraction. 
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TABLE II 


TOTAL SERUM PROTEINS AND ZONE ELECTROPHORETIC FRACTIONATION OF SERUM PROTEINS OF 
THE FOWL: VALUES FOR MALES FROM SEVEN WEEKS TO 31 WEEKS OF AGE 














Total serum Globulins, gm./100 ml. Line of 
Age, No. of protein, Albumin, applic’n, 
wk, samples gm./100 ml. gm./100 ml. a ae as B Y gm./100 ml. 
7 4 3.32 1.19 0.40 0.31 0.22 0.30 0.73 0.18 
9 6 3.57 1.24 0.36 0.32 0.20 0.41 0.86 0.18 
il 4 3.52 1.12 0.33 0.29 0.24 0.54 0.84 0.17 
13 1 3.86 0.98 0.21 0.39 0.21 0.32 0.65 0.20 
15 3 3.84 1.16 0.35 0.38 0.22 0.54 0.94 0.25 
17 3 3.70 1.08 0.37 0.38 0.31 0.49 0.94 0.15 
19 2 3.48 1.02 0.29 0.33 0.22 0.47 0.86 0.30 
21 3 3.59 1.18 0.23 0.37 0.28 0.51 0.78 0.25 
23 2 3.64 4.22 0.26 0.41 0.29 0.38 0.84 0.23 
25 2 3.50 1.06 0.31 0.32 0.39 0.36 0.88 0.19 
27 2 3.34 1.03 0.28 0.30 0.33 0.48 0.76 0.15 
29 2 4.11 1.39 0.24 0.45 0.35 0.42 1.00 0.26 
31 2 3.80 1.22 0.28 0.34 0.35 0.41 0.98 0.22 





(a) The serum protein increased rapidly from the 14th day of incubation 
to hatching and thereafter more slowly until the fifth week. Marshall and 
Deutsch (23) have reported similar values for embryos. 

(b) About three weeks before laying of the first egg, serum protein began 
to increase from about 4 gm./100 ml. until it reached a value of 5.4 gm./100 
ml. in the week before laying of the first egg. It is during this puberal period 
that serum Ca and lipid begin to increase, phosphoprotein to appear in the 
serum, and the oviduct to hypertrophy. All these latter effects may reason- 
ably be ascribed to endogenous estrogen activity. It seems reasonable to 
ascribe the increase in serum protein also to endogenous estrogen. 

(c) The pullets continued laying fairly intensively once egg production 
had begun. Their average percentage production (eggs laid divided by days 
over which eggs were laid) was 76%, with a maximum of 91% and a minimum 
of 52%. Total serum protein fell off for a time to levels around 3.6 gm./100 
ml., i.e., to levels lower than at the start of the puberal period. The level 
gradually recovered as laying progressed and by the end of the experiment it 
had regained the prepuberal level of approximately 4.0 gm./100 ml. These 
results agree in general with those of Greenberg ef al. (13) and they lend 
support to the view that endogenous estrogen activity is sufficiently great to 
affect positively the serum protein level of the fowl in the puberal period. 
The absence of such a positive effect in the laying period may be related to 
the speed with which serum protein is being depleted for egg formation, rather 
than to the absence of any influence of endogenous estrogen on serum protein. 

Electrophoretic fractions of serum proteins: The changing ‘absolute’ 
amounts of the various fractions of serum protein of chicks and pullets are 
also presented in Tables I and II and typical electropherograms are shown in 
Figs. 3 and 4. The pattern for sera from the embryos differed strikingly from 
that typical of males or prepuberal pullets. There was a prominent albumin 
fraction and two other well-defined fractions corresponding in position to the 
Q@- and B-globulin of the prepuberal pullet. No trace of a-, a3-, or y-globulin 











898 CANADIAN JOURNAL OF BIOCHEMISTRY AND PHYSIOLOGY. VOL. 33 


could be found on the electropherograms of either 14-day or 18-day embryos. 
However, a well-defined protein fraction of greater mobility than the albumin 
was present; this fraction has been designated ‘‘prealbumin”’ (PA) for purposes 
of this paper. The embryonic sera gave heavy lipid staining at the point of 
application and there was a distinct lipid band in the position of the PA 
fraction. 

The PA fraction was still to be seen in electropherograms from day-old 
chicks, though faintly. a@,-Globulin and y-globulin bands had appeared by 
this stage, while heavy lipid staining persisted at the line of application. It 
was no longer possible to discern lipid ahead of the albumin, but lipid staining 
had appeared in the a-globulin zone. 

a;-Globulin had appeared by the seventh day of age and the electro- 
pherograms were then qualitatively similar to those of the male or the 
prepuberal pullet (Fig. 3). 

The level of albumin increased rapidly from the 14th to the 18th day of 
incubation. Albumin increased more slowly after hatching and by the fifth 
week it had reached 1.1 gm./100 ml. Thereafter it increased slowly to a 
maximum of 1.6 gm./100 ml. just before laying. It fell off again when laying 
began, reached a level around 1.1 gm./100 ml., and remained there until the 
end of the observations. The level of a:-globulin remained fairly steady 
from its appearance in the samples from day-old chicks until just before laying; 
thereafter it dropped to a lower level. The levels of ae- and a;-globulins 
followed courses similar to the course of @-globulin, except that a@-globulin 
did not show as great a decline with the onset of laying. The 6-globulin rose 
from a low level in the embryos to around 0.3 gm./100 ml. at one day and 
continued to rise to around 0.5 gm./100 ml. at the outset of laying, but did 
not display any distinct tendency to fall thereafter. 

Four weeks before laying began, the pattern of the electropherograms was 
still similar to that typical of the immature pullet. At two weeks before the 
beginning of laying, the pattern had begun to assume that typical of laying 
pullets or estrogenized immature pullets (Fig. 1 and Fig. 4). A PP band 
appeared and was associated with heavy lipid staining. This band increased 
in intensity to a maximum during the week before laying of the first egg; at 
that time it amounted to 1.0 gm./100 ml. serum and was associated with 
intense lipid staining? Furthermore, a fraction 8 had then appeared in front 
of the PP band. This fraction 8 was also associated with lipid staining; and 
it was at this stage that the y’’ + 8 fraction reached its maximum of 1.2 





Fic. 3. Typical electropherograms of sera from chick embryos and young chicks. 

Buffer made up as for veronal buffer of pH 8.6 and ionic strength (yu) 0.05, but with 
20% v/v methanol in place of water. Strips stained with tetracetate-Schiff reagents 
ee after 24 hr., and the bands on these strips were marked by pencil shading 
for record. 


Fic. 4. Typical electropherograms of pullet sera in relation to onset of laying. 

Buffer made up as for veronal buffer of pH 8.6 and ionic strength (u) 0.05, but with 
20% v/v methanol in place of water. No.1. Stained with naphthalene black. No. 2 
Stained with Sudan black B. The weeks refer to the number of weeks before or after 
laying of the first egg. 
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gm./100 ml. serum. An aq@-globulin was distinguishable in half of the samples, 
but the associated lipid band was no longer perceptible. The pattern 
corresponded closely with that given by sera from fairly heavily estrogenized 
immature pullets or cockerels (20, 21). At one and a half weeks after the 
first oviposition, the pattern was similar to that found during the week before 
the first oviposition, except that fraction 8 gave a narrower band and so also 
did its associated lipid band. 

At three weeks after the first oviposition, neither fraction 8 nor its associated 
lipid could be distinguished, while the lipid staining of the PP zone was 
noticeably fainter. 

By the 11th week of laying, the a,-globulin and fraction 8, together with 
their associated lipid zones, had reappeared in the electropherograms from some 
of the birds, and by the 13th week this was true of most of the birds. In fact, 
some of the laying pullets never entirely lost a distinguishable a@-globulin zone. 

The results (Table II) for male birds relate to smaller numbers of samples, 
since it was not practicable to handle larger numbers of analyses. Neverthe- 
less, the figures do indicate that the values for various fractions remained 
steady from 7 to 27 weeks as compared with the values for pullets. The 
values for weeks 29 and 31 showed a tendency to rise. Only two birds were 
involved by this time, but because of this observation, one cannot rule out the 
possibility that the recovery towards higher levels of the values for the pullets 
may have been determined, in part at least, by factors other than sex, e.g., 
seasonal changes in temperature. 

The electrophoretic patterns of sera from male birds in every case closely 
resembled the pattern typical of prepuberal pullets. However, the following 
minor point is worthy of note. The y-globulin rose steadily in the pullet 
from around 0.3 gm./100 ml. at two weeks of age to around 1.4 gm./100 ml. 
just before the PP fraction made its appearance. This might seem explicable 
on the grounds of accumulation of antibodies. However, a similar increase of 
y-globulin in the males levelled off to give a fairly constant value at around 
nine weeks of age. This suggests that part at least of the increase of 
-globulins in the pullet is related to the sex difference and the approach of the 
reproductive stage rather than entirely to antibody production. Brandt et al. 
(1) have previously advanced a somewhat similar suggestion. 

The tetracetate-Schiff stain yielded bands corresponding in position to each 
distinct protein band throughout. 

The double nature of the PP zone: It had been observed previously (20, 21) 
that the PP zone on electropherograms of sera from estrogenized birds was 
usually a double band. In the course of the present experiments this double 
nature has also been observed; but it has also been noticed that whether the 
band is double or single is at least in part a function of the concentration of 
serum on the paper. Thus, as the level of PP fraction declined with the 
progress of laying, the PP band tended to be single. Furthermore, on certain 
papers, where the rate of application had been uneven, the PP band was single 
where the application was lightest. 
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Discussion 


It has been shown above that zone electrophoresis of serum samples drawn 
during the week before the first oviposition gave a pattern indistinguishable 
from that given by samples from fairly heavily estrogenized immature pullets 
or cockerels. At the same time the total serum protein level attained a 
maximum some 30% higher than the level in the birds at the stage of sexual 
immaturity. The results, therefore, support the view that endogenous 
estrogen activity is sufficiently great to increase the serum protein level in 
the puberal pullet in the week before the first oviposition. The PP fraction 
and fraction 8 appeared in the serum at this stage in amounts sufficient to 
account for most of the increase in total serum protein. Also, there were 
some indications that serum albumin may have attained a maximum about 
the same time. 

With the beginning of laying, the total serum protein fell rather sharply. 
This was not due solely to abstraction of the new protein fractions from the 
blood for egg formation, since serum albumin and a@-globulin also decreased 
and a;-globulin may have behaved in the same way. Moore (24) has reported 
that the sera of laying hens and estrogenized cockerels lacked an a-globulin 
(‘component 2’ ?) which was present in sera from normal males and immature 
females. Brandt et al.'(1) reported that their ‘component 3’ (a,-globulin ?) 
was absent from the sera of all but one of the laying hens they studied, and 
Heim and Schechtman (15) showed that the level of a,-globulin was lower in 
laying hens than in roosters. It is possible that this fraction passes to the 
yolks; McKinley et al. (21) noted a yolk component (‘X’) that had the same 
mobility in zone electrophoresis as serum a-globulin. However, this 
possibility fails to explain the low level and inconsistent appearance of this 
fraction in sera from estrogenized birds. 


Lastly, attention may be given to the possibility of some degree of correlation 
between the results of zone electrophoresis and free electrophoresis. Crook 
et al. (7) in a critical discussion have remarked that “‘there could be no a priori 
expectation that electrophoresis in filter paper with subsequent dyeing should 
produce results identical with those obtained in the classical apparatus.”’ 
Indeed, they regard such correspondence as has been observed as “nothing 
more than an interesting and useful coincidence’. This general thesis is 
peculiarly apposite in regard to electrophoresis of serum proteins of laying or 
estrogenized birds; for the interfering effects of lipids have drawn comment 
from more than one observer who has used free electrophoresis. It was the 
existence of such interference that prompted the use of methanolic buffer (4). 
Nevertheless, it is of interest to compare the fractionations secured from 
embryonic and prepuberal pullet sera by zone electrophoresis with those 
secured by other workers using free electrophoresis. A comparison of the 
kind is summarized in Table III. Asa basis for comparison, the albumin was 
picked out from its appearance as a major, sharply-peaked, fast component on 
the patterns figured by the various authors. The slower-moving fractions 
were then inserted in order in the table. The comparison suggests a 
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remarkable degree of correspondence. It is difficult to resist the conclusion 
that both techniques isolate somewhat similar fractions from sera of embryos, 
non-laying females, or males. 

In contrast to the foregoing, it has been found impossible as yet to arrive 
at any useful similar comparison for the sera of laying or estrogenized fowl. 
The difficulties are to be ascribed to (a) lipemia and (6) the obscuring effects 
of the new fractions in aqueous buffers. 

In conclusion, it may be observed that the presence or absence of PA 
fractions is in part determined by the nature of the buffer. Heim and 
Schechtman (15) summarized their own results and those of others on this 
point. Their summary has been enlarged in Table IV to include certain 
other data from the literature as well as new results now recorded for the 
zone electrophoretic technique. 


TABLE IV 
THE EFFECT OF VARIOUS BUFFERS ON PREALBUMIN COMPONENTS OF EMBRYONIC AND HEN 


SERA. THE PLUS SIGN INDICATES THE PRESENCE OF PREALBUMIN 
COMPONENTS; THE MINUS SIGN INDICATES THEIR ABSENCE 











Electrophoretic technique Buffer Embryonic Laying hen 

Free Veronal + (23) — (1) 
— (23) 

Veronal-citrate + (1) 

+ (8) 

Borate + (15) + (1) 

+ (3) 

+ (15) 

Phosphate—NaCl + (23) + (24) 

— (25) 

Zone Veronal (aqueous) — (21) 
Veronal (methanolic) + (*) — (21) 

- 

Veronal-citrate + (*) 





Note: The numbers in brackets refer to the authors as follows: (1) Brandt et al.; (3) Clegg 
and Hein; (8) Deutsch and Goodloe; (15) Heim and Schechtman; (21) McKinley et al.; (23) 
Marshall and Deutsch; (25) Moore et al.; (24) Moore; (*) present work. 
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CYTOCHROME OXIDASE AND SUCCINIC 
OXIDASE ACTIVITY IN MAMMARY GLAND MITOCHONDRIA 
OF LACTATING RATS! 


By JuLtes Tusa, PATriciA F. Orr, AND G. STUART WIBERG 


Abstract 


The effect of lactation on some oxidative enzymes of rat mammary gland 
mitochondria was examined. Cytochrome oxidase levels were nearly doubled 
during lactation. Succinic oxidase activity was not demonstrable in breeder 
female rats four days after the cessation of nursing, or in a control group (non- 
lactating breeder females, which had weaned their young at least four weeks 
previously), but during the nursing period considerable activity of the enzyme 
was observed. Succinic dehydrogenase activity was negligible in mitochondria 
during involution of rat mammary tissue. On the other hand appreciable 
anaerobic glycolysis occurred in the resting gland. The greatly increased 
metabolic activity associated with lactation is reflected in the altered behavior 
of some of the enzymes of rat mammary gland mitochondria. 


Introduction 


Studies have been made in this laboratory of the effect of various experi- 
mental conditions on the oxygen uptake of mammary tissue of female rats 
(7, 8). Oxygen uptake, in the presence and in the absence of p-phenylene- 
diamine, was influenced by past or present pregnancy, lactation, and post- 
lactational involution. These variations in oxygen consumption were 
considered to be associated with fluctuations in cytochrome reserves under the 
different experimental conditions. 


The method of preparing mammary tissue for the above investigations 
constituted a major problem. Homogenates could not be used successfully 
in Warburg reaction flasks because of the high fat content of the glands, 
particularly during lactation. Since slicing techniques proved to be difficult 
to apply to the glands, it was decided to cut the tissue into fine pieces with 
scissors. Results for replicates were always in good agreement and statistical 
analyses were satisfactory in spite of the diluting effect of the large amount 
of fat present in mammary tissue. However, the availability of cytochemical 
techniques, which are reviewed by Schneider and Hogeboom (4), made it 
possible to use fat-free homogenates of mammary tissue. Consequently for 
the present investigation it was decided to fractionate the homogenates and 
to study the effect of lactation on the cytochrome oxidase and succinic dehy- 
drogenase activity of the mitochondria. To some extent our work par- 
alleled the methods described by Moore and Nelson (2) for the same enzymes 
in the mammary tissue of rabbits and guinea pigs. 


1 Manuscript received in original form October 28, 1954, and as revised, July 4, 1955. 


Contribution from the Department of Biochemistry, University of Alberta, Edmonton, 
Alberta, with financial assistance from the National Cancer Institute of Canada. 
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Experimental 


Adult female rats of the Wistar strain were used. They were maintained on 
the standard laboratory diet of Purina fox checkers. Tuba and Fraser (7) 
had noted a highly significant difference in cytochrome reserves of virgin female 
rats as compared with breeder females of the same age. Accordingly, breeder 
female rats which had weaned their last litters at least four weeks previously 
were used as controls. Lactating female rats were sacrificed at various times 
during their normal three week nursing period. Some animals in the post- 
lactational state were used as well. 


The rats were killed by decapitation. One inguinal gland was removed at 
once and placed in ice-cold, isotonic (0.25 M) sucrose solution. The non- 
glandular lymph nodes were removed, and then 1 gm. of tissue was cut into 
small pieces to facilitate homogenizing. 


The tissue was ground with ice-cold isotonic sucrose solution in a Potter 
glass homogenizer which was cooled in an ice-bath. The final volume of the 
homogenate was made up to 10 ml., and this was centrifuged for 10 min. at 
600 X g and at a temperature near 0° C. in a refrigerated centrifuge. The 
fat, which had risen to the top and had congealed, was removed with a fine 
metal spatula, and the supernatant liquid was poured off. The sediment of 
nuclei, unbroken cells, and debris was washed by rehomogenizing with 5 ml. 
of the isotonic sucrose solution, and it was centrifuged again at 600 X g. 
The supernatant liquids were combined and centrifuged for 10 min. at 
8500 X g. The residue from this centrifugation was suspended in 3 ml. of 
0.25 M sucrose solution and labelled the ‘“‘mitochondrial’’ fraction. This 
fraction was examined microscopically after it was stained with Janus green B 
and the particles appeared to be identical with those described by Hogeboom, 
Schneider, and Pallade (1). 


Oxygen uptake of the mitochondria was measured by the direct manometric 
method of Warburg at 37°C. The standard reaction flasks, with side arm 
and gas vent, contained 0.2 ml. of 20% potassium hydroxide and fluted filter 
paper in the center well. 


For the determination of cytochrome oxidase activity, the main compart- 
ment of the flasks contained the following substances (final concentrations 
indicated): 0.03 M phosphate buffer, pH 7.4; 0.0114 M sodium ascorbate 
(prepared immediately before use); 2 X 10-*M aluminum sulphate; 
8 X 10-° M cytochrome c (Sigma); in a final volume of 3 ml. in the compart- 
ment. The suspension of mitochondria was placed in the side arm of the 
flask. Three different volumes of the suspension were used in different flasks, 
and the oxygen consumption values were extrapolated to zero amounts of 
mitochondria, in order to estimate the autoxidation of ascorbate. The 
volumes of mitochondrial suspension placed in the side arms were dependent 
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on the cytochrome oxidase activity and were determined for each group 
of animals. 


The contents of the main compartment of the flasks were modified for 
estimation of succinic oxidase activity of the mitochondria. Cytochrome c 
was present in a final concentration of 1.33 X 10-5 M. Ascorbate was 
replaced by 0.05 M sodium succinate and calcium chloride was added to a 
final concentration of 4 K 10-* M. 


For both enzyme determinations the vessels were gassed with oxygen for 
10 min. and then allowed to equilibrate in the water bath for seven minutes. 
The enzyme suspension was then tipped in from the side arm and manometer 
readings were begun three minutes later. Readings were taken at five 
minute intervals for 30 min. 


Enzyme activity was expressed as Qo2/N, which is defined as the micro- 
liters of oxygen taken up per hour per mgm. of nitrogen in the mitochondria. 
The nitrogen content was determined in duplicate on aliquots of mitochondrial 
suspension by the Kjeldahl method. 


Succinic dehydrogenase activity of lactating and resting rat mammary 
tissue was studied by the spectrophotometric technique of Slater and Bonner 
(5). Sodium succinate served as a substrate, and the rate of reduction of 
potassium ferricyanide was followed by measuring the decrease in optical 
density at intervals during a five minute period. Potassium cyanide was 
present in the reaction mixture to inhibit aerobic oxidation, thus any reduction 
of ferricyanide would be associated with the presence of succinic dehydro- 
genase. For comparative purposes, activity of the enzyme in rat liver 
mitochondria was measured, since this fraction of liver tissue possesses high 
levels of succinic dehydrogenase. 


Because of the low succinic oxidase activity manifested by mitochondria 
from involuted mammary glands, glycolytic activity was measured in 
homogenates in isotonic potassium chloride of breast tissue. Since it was 
desired only to obtain an idea of the relative amounts of anaerobic glycolysis 
in resting and lactating rat mammary tissue the investigation was confined 
to a small number of animals. The method (3) is well-known, and it is not 
described here, but it is based on the liberation of carbon dioxide from a 
bicarbonate buffer by lactic acid. Furthermore, it has been applied success- 
fully to studies of anaerobic glycolysis in lactating rat mammary tissues by 
Terner (6). 


Results 


The results for the cytochrome oxidase and succinic dehydrogenase studies 
are given in Table I, together with statistical comparisons. No correction 
was needed in these values for mitochondria to eliminate errors that might be 
introduced by the presence of milk in the lactating glands. 
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TABLE I 


CYTOCHROME OXIDASE AND SUCCINIC OXIDASE ACTIVITY OF MITOCHONDRIA OF 
LACTATING AND NON-LACTATING RAT MAMMARY GLAND 








Qo2/mgm.N 








Cytochrome Succinic 
Experimental state No. of rats oxidase oxidase 
Control breeders (resting) 6 1330 + 113* 0 
Lactating (2 days) + 1670 + 86 541 + 76 
Lactating (8-14 days) 6 2350 + 166 1020 + 124 
Lactating (18-21 days) 4 2080 + 209 980 + 113 
Four to seven days after weaning 4 2130 + 60 0 


Fourteen days after weaning 4 1320 0 
* Mean value for the group (+ standard error of the mean). 





STATISTICAL ANALYSIS OF TABLE I 











t P 

Groups compared with control cytochrome oxidase values 

Lactating (2 days) 2.32 0.05 

Lactating (8-14 days) 5.00 0.01 

Lactating (18-21 days) 3.12 0.02 

Four to seven days after weaning 3.40 0.01 
Groups compared for succinic oxidase values 

Lactating (2 days) vs. lactating (8-14 days) 3.47 0.01 

Lactating (2 days) vs. lactating (18-21 days) 3.34 0.02 





Mitochondria from the mammary glands of the control group manifested 
considerable cytochrome oxidase activity. A significant rise in the levels of 
the enzyme occurred by two days after parturition. A significant increase 
was maintained during lactation and up to a week after weaning. The values 
were almost doubled at the maximum, but this did not approach the seven to 
ninefold increase noted by Moore and Nelson (2) in homogenates of lactating 
mammary tissue of rabbit and guinea pig. The difference in the two sets of 
results may be due to species differences in the animals, or it may be a 
reflection of the fact that Moore and Nelson used virgin animals as controls, 
while our controls were non-lactating females, whose glands had undergone 
involution. 

Moore and Nelson found that succinic dehydrogenase activity of rabbit 
mammary tissue homogenates was present in non-lactating glands to the 
extent of about 10% of the high levels observed in lactating tissue. In the 
mitochondrial fraction of non-lactating rat mammary tissue we were unable to 
measure any activity of the enzyme. Furthermore, there was still no detect- 
able action attributable to this enzyme in mitochondria from animals killed 
on the 18th day of pregnancy. However, the average value of Qo,/mgm. N 
for two animals killed on the 20th day of pregnancy, a few hours before 
parturition, was 522, and this was almost the same as the value given in Table 
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I for the group two days post partum. A high level of activity remained in 
mammary tissue mitochondria for the remainder of the lactation period, but 
succinic dehydrogenase activity had completely vanished by four days after 
the cessation of lactation. It may be noted in Table I that the maximum 
activity of both cytochrome oxidase and succinic dehydrogenase occurred at 
about the mid-point of the nursing period. 

Our observation of the lack of succinic oxidase activity in non-lactating, 
involuted mammary tissue mitochondria was confirmed by estimations of 
succinic dehydrogenase levels. Rat liver mitochondria were used for com- 
parison and these reduced 0.97 mgm. potassium ferricyanide per minute per 
mgm. nitrogen (mean of four rats) (5). Mitochondria from lactating rat tissue 
reduced 0.58 mgm. potassium ferricyanide per minute per mgm. nitrogen 
(mean of two animals), whereas mitochondria obtained from the mammary 
glands of three non-lactating rats showed such slight traces of succinic 
dehydrogenase activity that these could not be measured even by the spectro- 
photometric method of Slater and Bonner. Nuclei from mammary tissue of 
lactating and of non-lactating rats were also measured for succinic dehydro- 
genase activity and as was expected the results were completely negative. 

In general, it may be said that our observations with the above oxidative 
enzymes of rat mammary gland mitochondria resemble the trends noted by 
Moore and Nelson in their studies with guinea pigs and rabbits. That is, the 
great increase in metabolic activity which accompanies lactation is associated 
with significant increases in oxidative enzyme levels in the mitochondria. 


Since there appeared to be diminished oxidative energy production in the 
non-lactating, involuted rat mammary gland, it was thought to be of value to 
consider the extent to which anaerobic glycolysis occurred. It has been shown 
by Terner (6) that anaerobic glycolysis occurred to an appreciable extent in 
lactating mammary glands of the rat and of the rabbit. No reference was 
made, however, to involuted mammary tissue which undoubtedly must have 
different energy requirements when it is actively lactating. 


Homogenates from mammary glands of two lactating rats gave us a mean 
value of Qc, per mgm. nitrogen of 265. The mean value for four non- 
lactating rats for O03, per mgm. nitrogen was 154. It is therefore evident 
that an appreciable amount of energy is produced in the resting mammary 
gland of the rat by anaerobic glycolysis as well as by the cytochrome system, 
whereas activity of the succinic oxidase system is negligible. 
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WORKING BASIS FOR THE TRACER MEASUREMENT OF 
TRANSFER RATES OF A METABOLIC FACTOR IN BIOLOGICAL 
SYSTEMS CONTAINING COMPARTMENTS WHOSE 
CONTENTS DO NOT INTERMIX RAPIDLY! 


By GERALD A. WRENSHALL 


Abstract 


A working basis is developed for the simultaneous measurement, by means of 
an isotopic or other label, of all transfer rates of a given chemical element in 
systems where its transfer between spatially separate compartments of the 
system must occur by way of a central compartment (mammillary systems). 
In addition to the measurement of all rates of transfer, the amount of the element 
within each compartment of a mammillary system can be determined from the 
same experimental data. The method is applicable in open as well as closed 
mammillary systems which may or may not be in a state of dynamic equilibrium, 
and in which rapid uniform intermixing of the element does not occur in 
peripheral compartments. A basis for the determination of the total rates of 
appearance and disappearance of multiatomic as well as monatomic substances 
in any compartment of a system of compartments is presented, without exchanges 
being restricted to mammillary or other constrained systems. However, only 
in compartments where chemical transformation of such molecular substances 
does not occur can the calculated rates of appearance and disappearance of the 
metabolite be interpreted as rates of transfer into and out of the compartment. 
Specific problems relating to the tracer measurement of transfer rates in the 
mammillary systems of living organisms are considered, and a check list is 
presented for evaluating published experimental results involving tracers as 
potential sources of information on transfer rates in biological systems deter- 
mined by means of the above bases for calculation. 


Introduction 


Living organisms are open systems (2) within which the observed levels of 
metabolic constituents in different parts (compartments) of the system 
represent the resultants of the continuing simultaneous appearance and 
disappearance (turnover) of the constituents in those compartments (20). 
Under these circumstances it is apparent that the rates at which various 
metabolites appear in and disappear from any selected compartment of 
physiological interest within a living system represent characteristics essential 
to an adequate description of the dynamics and chemical kinetics of the 
living system. 

Turnover of a chemical substance within a compartment in a living system 
can be caused by physical transfer of the substance into and out of the com- 
partment, by chemical transformation (synthesis and degradation) of the 
substance within the compartment, or from a combination of these two 
processes. No other possibilities exist. 


In this paper, attention will be limited to the development of a working 
basis for measuring simultaneous rates of transfer of selected metabolic factors 
between compartments within living biological systems by means of tracer 
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methods. The development of such a basis without the use of mathematics 
would be bulky and diffuse. However, a limited knowledge of algebra and 
the differential calculus is sufficient for the understanding of the mathematical 
developments to be presented in this paper, which is written for biological 
and medical scientists. Advanced undergraduate physiology students have 


been taught and have applied the methods effectively during the past 
three years. 


Background of the Problem of Transfer Rate Measurement 


To a large degree the working basis for transfer rate calculation to be 
presented in this paper represents a drawing-together of material already 
published. Bases for the measurement by tracer methods of rates of appear- 
ance and of disappearance of a given substance in each compartment of a 
generalized network of compartments have been developed (10, 11, 17, 22, 
23, 26, 28, 29). From these studies it is clear that measurement of all possible 
rates can be accomplished only in systems of not more than three compart- 
ments unless additional conditions are assumed to hold. 


In order to circumvent this severe limitation, various special conditions 
have been proposed, such as the performance of a series of experiments or the 
simultaneous use of multiple tracers in one experiment (22), the assumption 
of dynamic equilibrium (22, 26), or limitations in the number of exchange 
pathways (23). Reiner (17) has considered special problems encountered in 
measurements with tracers of rates of new appearance and of disappearance 
of a factor caused by its chemical transformation in a system of compartments. 


While Reiner (17) refers to turnover caused by transfer, he does not consider 
the problems peculiar to transfer rate measurements in biological systems by 
means of tracers. Although it is largely restricted to a study of closed steady- 
state systems and in part deals with turnover caused by transformation, the 
article of Sheppard and Householder (23) contains an outstanding survey and 
analysis of several problems relating to transfer rate measurements by means 
of tracers in biological systems. 


With this background of rate theory, attempts to measure transfer rates by 
means of tracer substances throughout biological systems of compartments 
have met with only limited success; in the words of Wilde (27): ‘‘Each new 
monograph on the calculation of isotopic exchange rates hints that the author 
has joined the age of disillusion, has awakened to the fact that the estimation 


of exchange rates in tissues by isotopes does not yield the lush harvest he 
had envisaged.” 


According to Wilde, one of the most significant short-comings of published 
mathematical bases for transfer rate analyses by means of isotopes is the 
assumption in all cases of instantaneous intermixing of labelled and unlabelled 
factor within the cells. To this it must be added that the question of non- 
uniform mixing did receive brief consideration by Sheppard and Householder 
(23), who proposed a procedure which is developed in this paper. 
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A system consisting of one central compartment plus a series of peripheral 
compartments, each of which communicates with any other only through the 
central one, has been called a mammillary system by Sheppard and 
Householder (23). When non-mobile formed elements such as cells, bones, 
and tissue proteins are located in a continuous supporting fluid medium, 
transfer of any substance between different groups of the formed elements 
must occur at some stage through the supporting fluid medium. Thus many 
multicellular living organisms can be compartmentalized into mammillary 
transfer systems in which the extracellular body fluid represents the central 
compartment and distinct groups of cells or other formed elements represent 
peripheral compartments (Fig. 1). This is the basis adopted by Ginsburg 
and Wilde (5) for measuring potassium transfer in the rat, and which is adopted 
in this paper. 


COMBINED 
INFLUX RATES 














SPACES 

OF THE SAME 
PERIPHERAL 
MILLARY COMPARTMENT 


CENTRAL 
MAMMILLARY 


COMPARTMENT 


COMBINED 
EFFLUX RATES 


Fic. 1. An open mammillary system of compartments simulating that found in a 
multicellular living organism. 

Peripheral mammillary compartments are shown as groups of small similar spaces 
bounded by continuous lines. The space within the system which is not contained in 
peripheral compartments represents the central mammillary compartment. The syringe 
symbolizes either an effective means of adding a labelled factor to or of removing samples 
from the central compartment. The circulating portion may contain a metabolic factor 
(X), which cannot transfer out of the circulation space. If the system is dismembered, 
portions of the central compartment will be found in each subdivision of the system. 
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In all analyses it will be assumed that rapid* intermixing occurs for metabolic 
substances in, and added to, the central compartment. The applicability of 
this assumption is enhanced in animal systems where forced circulation occurs 
in a part of the extracellular body fluid. 

Studies of the structure of intracellular material indicate the existence of a 
stroma of formed elements plus a fluid medium (3). If this is correct, then 
transfer between formed elements within the cell can also be considered to 
occur by means of a mammillary system in which the intracellular fluid 
medium represents the central compartment (Fig. 2). 
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Fic. 2. Schematic representation of a multicellular living organism as a series of open 
mammillary systems within an open mammillary system. 


Extracellular body fluid is a central transfer compartment (No. 1), for grouped cells. 
Intracellular fluid in compartment j is, in turn, a central transfer compartment for various 
formed elements within that particular group of cells. 


- 


Theory 


In developing a mathematical formulation of the basis for the calculation of 
transfer rates in living systems, the plan which will be followed is first, to set 
up the relations governing transfer between compartments in the most general 
transfer system possible, and second, to consider the effect on these relations 
of imposing special conditions of biological importance on the system. Since 
many different symbols are used in the mathematical expressions they are 
listed together and defined at the end of the paper. 


* “Rapid” is, in this case, taken to mean: ‘‘in a time short when compared with the average 
time of presence of a given unit of the factor in the compartment under consideration”. 
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(A) Unconstrained Systems 


An unconstrained transfer system is one in which transfers can occur 
between any two of its compartments (22). In any (the jth) compartment of 
an unconstrained transfer system of » compartments (Fig. 3) containing a 
chemical factor F, the rate at which F is accumulating within the compartment 
at any time ¢ is representable as the difference between the rate of its appear- 
ance* in the compartment and its rate of disappearance from the compartment 
at time ¢t. This equivalence is expressed in equations [1] and [2] for the total 
and the labelled F, respectively, in the jth compartment of a system of n 
spatially separate compartments at time ¢. 





dN; kan 

[1] _ * z (Ris — Rix) 
dN*; k=n 

[2] — = 2 (R*,; — R* jx) 


where in all cases k ¥ j. 





Fic. 3. Schematic representation of a system of m compartments between any two of 
which transfers are occurring. 

Rj, and R,; represent the rates of transfer cf the substance under study from the jth 
into the kth compartment, and from the kth into the jth compartment, re spectively. 
j and & can assume any integral value from 1 to m, but cannot simultaneously have the 

same value. 


* The term “‘rate of transfer’’ can be applied to describe turnover only where it is known that 
chemical transformation of F within the jth compartment does not affect the rates of appearance and 
of disappearance there of F. Methods for excluding the effects of chemical transformation on 
turnover will be considered later in the paper. 
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N; and N;, represent the total numbers of units of factor F in the jth and kth 
compartments, respectively, at any time ¢. R,; and Rj, represent the rates 
of exchange of factor F from compartment k to compartment j, and from 
compartment 7 to compartment k, respectively, at time ¢. The integers 7 and 
k can have any values from 1 to 7 inclusive. Symbols marked with asterisks 
in equation [2] correspond in meaning with their unmarked counterparts, but 
refer to labelled units of factor F. 

The average absolute specific activities y; and yy; at time ¢ of factor F in 
compartments j and k, respectively, are defined as follows: 
N*; N*, 


[3] 5 | Bais and ¥:. = YA 





(B) Unconstrained Systems in Which Uniform Mixing Occurs 

If rapid uniform mixing of the labelled and unlabelled F units has occurred 
in each compartment, it also follows that: 
[4] Yi = Rest and ¥: = Re at any time ¢. 

Rye Ri; 

Equations [4] are true since at any time ¢ the specific activity of factor F 
leaving a compartment in which uniform mixing has occurred is, by assump- 
tion, the same as that remaining within the compartment. 


From these relations, equations [2] can be written: 
d k=n 
[5] rT; (1, N;) = z (Ye Res — V5 Rix) . 


Equations [1] and [5] represent the bases for rate determinations made using 
tracers in the compartments of all networks where the uniform mixing 
assumption can be applied. 


It may be desired to determine, at a given time ¢t, only the fotal rate of 
k=n k=n 

appearance Z (R,j;) and the fotal rate of disappearance 2 (Rjx) of F in any 
k=1 k=1 


(the jth) uniformly-mixing compartment of an unconstrained network result- 
ing from exchanges with the F of all the other (x — 1) compartments rather 
than individual rates between the jth and any other one compartment. This 
can be done without invoking any added assumption. Solving equations 
[1] and [5] for the total rates for the jth compartment: 


k=n N; dy; 
6 >> R = ad ee ° peal ’ 
[6] Zz" +) Yu —- ¥i & 
k=n N; dy; dN; 
Zz R; — ei Ree ee et ce ’ 
(7] £ Ca © = a di 
x (ve Rx5) 
[8] where ¥,3 =~ - 
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Here 7_,; represents the weighted average specific activity of all F appearing 
in compartment j at any time ¢. It must be emphasized that the value shown 
for Y., in equation [8] is dependent on the assumption that rapid uniform 
intermixing occurs in all compartments. If this assumption does not hold, 
equations [6] and [7] are still valid, but the value of 7_; is no longer given by 
equation [8]. 

The applicability of these equations for the measurement of absolute rates 
of transfer was demonstrated by Lax and Wrenshall (11) in hydrodynamic 
systems of compartments in which uniform mixing occurred rapidly. Equations 
[6], [7], and [8] have been used for rate determinations in intact biological 
systems in the absence of dynamic equilibrium, under the special assumption 
that the value of 7_,; is constant (6, 16), or is zero (8), in a single compartment 
in which the uniform mixing condition was assumed to apply. 


(C) Mammillary Systems in Which Uniform Mixing Occurs 

If the central compartment of a mammillary system of compartments be 
called compartment number one, then all transfers from each of the peripheral 
mammillary compartments 2, 3, .... j, k, .... m, can only occur with 
compartment number one. The weighted average specific activity Y_; of all F 
appearing in compartment j at any time ¢ is now representable as 1, providing 
only that the rapid uniform mixing assumption applies in the central compart- 
ment. Then equations [6] and [7], derived for compartments in which 
uniform mixing occurs rapidly, can be written: 


N; dy; 

9} ° 1-7; dt 
Po a, 
[10] Ri rv 7. ve dt dt 


(D) Mammillary Transfer Systems in Which Non-uniform Mixing Occurs 

The assumption of rapid uniform intermixing of units of a factor F in the 
central compartment of a mammillary system is inherent in the method adopted 
for the tracer-dilution method used in calculating the amount of F in the 
central compartment (section £). 

In most cases rapid uniform mixing of the F in peripheral compartments of 
living systems does not occur. Suppose that the tracer F is added at t=0 to 
the rapidly intermixing central mammillary compartment and that all 
measurements of the amount and specific activity of F in subdivisions of the 
system are extrapolated tot=0. The extrapolated values will correspond to 
the hypothetical situation where all of the tracer F is uniformly intermixed 
with the F within the central mammillary compartment alone. The corre- 
sponding specific activity values in every peripheral compartment must 
therefore be zero. Hence at t = 0 equations [9] and [10] assume the forms: 


), = —2 1) 
[11] (Rio = * (Ft) 


[12] (Ra)o = ae (2) - (F),: 
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Under this experimental condition the existence of non-uniform mixing in 
peripheral compartments is without effect on the tracer-calculated rates of 
transfer (Ri;)o and (R;1)o a situation first noted by Sheppard and Householder 
(23). An example of the effectiveness of this experimental approach to the 
tracer measurement of transfer rates has been provided by Schachter (19) 
using a hydrodynamic mammillary system of compartments. 

The tracer measurement of transfer rates in mammillary systems subdivides 
naturally into measurements of (a) rates between individual peripheral 
compartments and the central one, and (0) total rates of transfer into and out 
of the central compartment. In measurements of type (a) by the procedure 
outlined above and using the equations [11] and [12], it is essential that all 
calculations be based on data extrapolated to ¢ = 0, since it is not known that 
rapid uniform intermixing of labelled and unlabelled factor F occurs in 
peripheral compartments. Transfer rate calculations of type (0) can likewise 
be made most precisely at t=0, using equations [6] and [7]. At this time 
both y,; and dy,/dt have their largest values, and the specific activity Y_, of 
factor F entering the central compartment from all sources is zero. 

In the biologically important circumstance where a molecular metabolite 
is transformed only in peripheral compartments without any of it being 
transferred back to the central one (i.e., where Y_,1 = 0), it is also possible to 
calculate total rates of transfer of the metabolite into and out of the uniformly 
mixing central compartment by means of equations [6] and [7] at times later 
than ¢=0. The interpretation in terms of transfer and transformation of 
rates of appearance and disappearance, calculated at t=0 by means of 
equations [11] and [12] for a molecular metabolite within a specified peripheral 
compartment, requires the assumption of additional conditions. For an 
atomic or other non-metabolizing factor (e.g., the total carbon, sulphur, 
phosphorus, or potassium within a given compartment) the rates of its appear- 
ance and disappearance there must represent the rates of its transfer into and 
out of the compartment, respectively. 

To put the measurement of the factors involved in rate calculations by 
equations [11] and [t2] into proper perspective requires the understanding of 
a practical problem of procedure. Referring to the type of mammillary 
system illustrated in Fig. 1, one can imagine the addition of a measured 
amount of labelled F to the central compartment at ¢ = 0 followed at time ¢ by 
the subdivision (dissection) of the system into parts, including a separate 
sample of F from the central compartment. This would be followed by the 
measurement of the total content of F and of labelled F (and hence of the 
average specific activity) in each subdivision. 

Using the data from a series of such measurements made at different times 
after addition of the labelled F, a smoothed curve or fitted function relating 
the content N, and specific activity y: of the F in the central mammillary 


Wie 
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compartment to the time ¢ can be set up. This functional relationship can be 
expressed mathematically as: 

[13] Mn = oi 

where @; (¢) represents a function of the time fitted to the experimental data*. 


That dissected portion of the mammillary system containing the F of the 
jth peripheral compartment will also include a part of the F in the central 
compartment. Once again, a smoothed curve can be fitted to the weighted 
average specific activity, (NV; vy; + v; ¥1)/(N; + v;) of the F in this dissected 
portion of the system at time ¢, so that 
[14] Ni ¥i + wiN= Oj) - 


In equation [14], v; represents the amount of central compartment F 
included with that, (N;), contained within the jth compartment at time ¢. 
Then from equations [13] and [14] the specific activity y; of the F within 
the jth peripheral compartment is 


[15] — g(t) vy; dil 


Extrapolating all functions to time of tracer addition (¢ = 0) from the time 
interval just following the initial period of non-uniform mixing in the central 
compartment, equations [13] and [15] become, respectively: 

_ go: (0) 
[16] Y to —_ Mi ’ 

- $5 (0) _ Vin , i (0) | 
Ye Nin Nin Ni 
Values for (dy,/dt)) and (dy;/dt)) can be obtained by differentiating 
equations [13] and [15] with respect to the time either from known functions, 
or graphically from smoothed curves fitted to the data. A value for v;, can 
be obtained from equation [14], knowing the values for $; (0) and y,, and 
knowing that y;, = 0. Since in principle N;, + v;, can be measured by 
chemical means plus extrapolation, the amount NV, of F within the jth com- 
partment at ¢ = 0 can be obtained by differences. 


Values of Ni, Ning Yur Yio» (€¥1/dt)o, and (dy;/dt)o obtained in this way 
have been used in conjunction with equations [6], [7], [11], and [12] to calculate 
self-consistent rates of phosphorus transfer between 15 spatial subdivisions of 
the normal fasting Wistar rat (12). 


[17] 


While intracellulary formed elements can be separated by centrifugation 
in sufficient amounts to permit chemical and tracer analyses (3), the equations 
of subsection D (above) could not be applied to measure transfer rates of the 
intracellular mammillary systems illustrated in Fig. 2. This would not be 

* h; (t) is generally a sum of exponential functions of the time. In the absence of dynamic 
equilibrium ; (t) may be an exponential or linear function or some other function of the time found 


by inspection to represent the data. It may merely represent a symbol for an unknown single- 


valued and continuous mathematical function describing a smoothed curve fitted to the data by 
inspection. 
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possible at ¢=0 since at that time the specific activity of all intracellular 
fractions would be zero, while at later times it would be necessary to make the 
unfounded assumption that rapid uniform intermixing was occurring in all 
intracellular fractions. 


(E) Self-consistency Tests on Compartmental Contents and Calculated Transfer 
Rates 
The tests to be described represent simply alternative tracer methods of 
calculation which can be applied only when complete mammillary systems of 
compartments are studied. If the bases of calculations are valid and have 
been correctly applied, then the results obtained by the two calculations 
should correspond within the limits of experimental error. 


The total amount N,, of F contained within the central compartment at 
t= 0 can be measured in two ways. Ifv; represents that part of the factor F 
in the central compartment which was removed just prior to the dissection 
of the system described in section D, it follows that: 


[18] Ni = Zp; + Va 
j=1 


from which N;, at time ¢ can be measured. Extrapolation of a plot of Ni 
versus ¢ to ¢= 0 will then provide a value for N,,. 


N,, can also be calculated by measuring the extent to which the injected 
tracer F was diluted at ¢=0. If I represents the specific activity of the 
tracer F and N the known number of units of it which were injected into the 
central compartment of the mammillary system at ¢ = 0, then 

[TN =n» (Nx + N) 
r — Yw ) N ' 
Yo 

The total rates of appearance and disappearance at ¢t = 0 of F in the central 
(number 1) compartment of a mammillary system can be calculated directly 
by means of equations [6] and [7] by setting 7 equal to 1 and ¥_,; equal to zero. 
The total rate of appearance at ¢ = 0 of F in the central compartment can 
also be obtained indirectly from equation [12] by summing the individually 
determined rates (Rj:)o from all of the peripheral compartments plus the 
directly measurable influx rate of F to the central compartment from outside 
the system at¢ = 0. Similarly, the total rate of disappearance of F from the 
central compartment is equal to the sum of all the (R1;)o values (equation [11] ) 
plus the directly measurable outflow rate of F from the central compartment 
to outside the system of compartments all measured at ¢ = 0. Obviously 
these cross-calculations become possible only when measurements include all 
parts of the organism plus those excreta into which transfer of the factor 
under study can occur. 


[19] or Ny, = ( 





This second basis for the calculation of total rates of new appearance and 
of disappearance of F in the central compartment represents a valuable self- 
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consistency check on the corresponding rates calculated using equations [6] 
and [7]. Both compartmental content and transfer rate self-consistency 
checks have been applied in hydrodynamic model tests made by Schachter 
(19). In an unpublished experiment of Lax and Wrenshall, where P® in the 
form of disodium phosphate was injected intravenously into mice, preferential 
excretion of the label in the urine occurred, as in the experiments of Govaerts 
(7), and total phosphorus transfer rates calculated by equations [6] and [7] 
and by equations [11] and [12] were not self-consistent. The error here was 
that the tracer substance introduced into the central compartment and the 
substance already in the compartment were not in the same chemical state. 
In a later experiment [12], the intravenous administration of labelled plasma 
phosphorus from donor animals fed P*-disodium phosphate yielded rates of 
phosphorus transfer and compartment sizes which were self-consistent when 
calculated on the same basis. 


In measurements on hydrodynamic systems out of dynamic equilibrium, 
rates of disappearance calculated by means of equations [7] and [12] have 
been found to be more subject to large fluctuations than those of new appear- 
ance for the same compartment calculated by equations [6] and [11]. Since 
the difference in these calculated rates is the net rate of change dN;/dt in 
content of F for compartment j, the accuracy with which this term can be 
measured must have been less than that for the other expression [NV ;/(y1—‘;)]/ 
dy;/dt involved in equations [7] and [12]. 


(F) General Remarks on Analysis of Data 


When corresponding values of one variable or its derivative relative to 
another functionally related variable must be determined, they can best be 
obtained through foreknowledge of the nature of the mathematical function, 
its parameters being fitted by statistical methods to make the function fit 
the experimental data. Alternatively, the fitting of smoothed curves to a 
series of measured values of the two variables can be done by inspection.* 
The specific activity versus time functions of Ginsburg and Wilde (5) and of 
Love, Romney, and Burch (13), in living systems, and those of Zilversmit and 
Shore (30) and of Plentl and Grey (15), in model hydrodynamic systems, 
represent examples of the first type of analysis based on the theoretical 
treatment of Sheppard and Householder (23) for the mixing of labelled and 
unlabelled units of a substance in a closed steady-state compartmented system. 


The latter procedure is usually employed only when little is known concern- 
ing the nature of the interrelating mathematical function, but where a series 
of corresponding experimental measurements of the two variables is available. 
Its simplicity puts rate measurements by means of tracers within the grasp of 
many biological scientists possessing only basic knowledge of algebra and the 
calculus. The effectiveness of curves fitted by inspection to specific activity — 

* The term “‘fitted by inspection” as used here includes the fitting of an arbitrarily selected 
function, such as a straight line, an exponential function, etc., by statistical procedures as well as 


smoothed curves fitted to plots of experimental data without consideration of a specific type of 
mathematical function. 
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time data has been demonstrated by Lax and Wrenshall (11) in the measure- 
ment of absolute rates of transfer in hydrodynamic systems of uniformly- 
mixing compartments out of dynamic equilibrium, and by Schachter (19) for a 
non-uniformly mixing peripheral compartment within a mammillary system 
in dynamic equilibrium. 

As a general working procedure for biological and medical scientists, it is 
proposed that the specific activity — time curves for factor F in peripheral 
mammillary compartments be fitted by inspection. A summed exponential 
specific activity — time function for the F in the central compartment can be 
fitted by a standard procedure followed in analyses of radioactive decay curves, 
and described by Kaplan (9). This general procedure is suggested since, in 
the one biological system for which transfer rates were measured by the tracer 
method described in this paper (12), variations in transfer rate values 
calculated at ¢ = 0 were found to be insensitive to variations in the extra- 


polated values for specific activity or of their time rates of change in peripheral 
compartments. 


Discussion 


Sheppard and Householder (23) originally suggested that the plasma of 
mammalian blood might be used with some reservations to approximate the 
central compartment of a mammillary system. However, no assumption 
need be made concerning the amount of a given factor F in the central compart- 
ment since it can be caclulated by means of the dilution principle as applied 
in equation [19]. 

The successes and shortcomings of compartment content measurements of 
this type have been recently reviewed, particularly with reference to extra- 
cellular fluid space (1, 4, 14, 25). While it is reassuring to know from such 
reports that the so-called volume of distribution for many inert and transform- 
able metabolic factors is commensurate with the volume of extracellular body 
fluid, it should be emphasized here that neither of these volume measurements 
is required for transfer rate calculations as outlined in this paper provided 
that such calculations are made only at t=0, or that the volume of distribution 
is assumed to remain constant. What is required is a value for the total 
functional amount of factor F contained within the central compartment, the 
amount being measured as described in Section E of this paper. This figure 
is independent of concentrations and concentration gradients when based on 
isotopic dilution procedures. It is dependent on the occurrence of uniform 
intermixture of the labelled and unlabelled F in the central transfer compart- 
ment, following the addition of the former to the central compartment. 


Use of the term “turnover rate’ has been avoided. Reiner (17) has 
reviewed earlier definitions of this term, and has found such definitions to lack 
precision in the absence of dynamic equilibrium. He in turn suggests that the 
term “turnover rate’’ be given a quantitative significance. However, his 
definition of the term remains dependent upon whether the rate of appearance 


Ge 
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of a given factor F in a selected compartment exceeds its rate of disappearance 
from the compartment, or vice versa. 


This remaining difficulty can be easily avoided. What are actually 
measured by equations [1] and [5] for any compartment in which “‘turnover’’ 
of any factor F is taking place are, literally, the rate of appearance and the rate 
of disappearance of F at a selected point in time. Nothing more than these 
unambiguous terms, or modified statements of them, is required to complete 
the description of the rates of exchange of the F in one compartment with 
that in others of a network of compartments. If per chance a state of dynamic 
equilibrium exists, the rate of appearance and that of disappearance for a 
metabolic factor in a given compartment will be equal, but otherwise they 
may have any two different values consistent with the existence of a real 
metabolic pool. These proposed terms carry no implication concerning 
whether or not a state of dynamic equilibrium exists, or whether or not the 
turnover is the result of chemical transformation, physical transfer, or a 
combination of these two basic processes. 


While it is not a main objective in this paper to contrast the problems 
involved in the measurement of rates of transfer and of transformation in 
biological systems, a few brief comparisons are of interest. Because of the 
almost universal applicability of the mammillary pattern in biological transfer 
systems, it is profitable to limit the mathematical description of biological 
transfer in this regard. The same specificity of pattern is not found for the 
chemical reaction pathways involved in transformation systems (18), and 
hence the mathematical representation of transformation rate measurements 
must remain general or be of very restricted applicability. 


If turnover is considered on an atomic basis, only transfer can affect rates 
of appearance and disappearance of the selected element contained in a given 
compartment. Transformation can affect these rates only if groups of atoms 
(e.g. molecules) are considered, and even then the rates measured must refer 
to one specified atomic locus in the group. On the other hand, where the 
rates of transfer of molecular or ionic groups are to be measured in a given 
compartment, one needs to know, not the locus of the label, but only that it is 
securely bound to the group of atoms for which it represents the label. 


While tracer-measured rates of transfer of a given atomic species can always 
be measured in the presence of turnover caused by transformation of its 
chemical configuration, bases for the measurement of rates of transformation 
when turnover is also being caused in the same compartment by transfer still 
require development. However, in biological systems in or near a state of 
dynamic equilibrium, it should be possible to estimate rates of transformation 
from measurements of transfer rates in those circumstances where rate of 
transfer of an essential factor into a transformation space represents a rate- 
determining step. 


In principle at least, the rates of transfer of several atomic factors (e.g. 
K, Na, P, Cl) into and out of each compartment of a mammillary system can 
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be measured simultaneously in the same system. This would require that 
they be separated chemically before their specific activities and their amounts 
in different compartments are measured. Total rates of transfer of molecular 
factors into and out of a central mamillary compartment can also be measured 
simultaneously in the same experiment, providing that in each case trans- 
formation within the central compartment can be ruled out as a cause of 
turnover. These possibilities should prove to be of value in co-ordinative 
studies on the simultaneous rates of utilization of different metabolites in one 
living body. 


Concluding Remarks 


A wide variety of experiments has been published in which tracer substances 
have been added to living systems. From the data of some of these exper- 
ments it should be possible to calculate rates of appearance and disappearance 
by the methods described in this paper. Rather than to attempt to identify 
such papers, the following check list of conditions required in the design of 
experiments to permit such calculations is presented: 


1. Specific activities and compartmental contents of the factor F under 
study should be measured throughout the entire system if self-consistency 
checks are to be made. 


2. The labelled F, to be added rapidly to the central mammillary compart- 
ment of the system, should be in the same chemical form as the F present in 
the central compartment. 


3. In higher animals the rapid addition of labelled F to the central 
mammillary compartment requires its intravascular injection. 


4. In peripheral mammillary compartments where rapid uniform inter- 
mixing of labelled and unlabelled F does not occur, valid rate calculations can 
only be made at the time of injection of the labelled F into the central 
mammillary compartment. 


5. In order to calculate the total amount of F within the central mammillary 
compartment by dilution, the amount and specific activity of the labelled F 
which is injected must be measured, as well as the specific activity of the 
uniformly intermixed labelled and unlabelled F in the central compartment 
at time of injection of the labelled F. 


6. With the exception of atomic metabolic factors, the interpretation of 
rates of appearance and of disappearance of a factor F in any compartment as 
rates of transfer into and out of the compartment, respectively, requires proof 
that no chemical transformation of F is occurring within the compartment. 
Where the total contents of an atomic factor are measured in each compart- 
ment, the rate values will clearly be independent of chemical transformation. 


7. Generally speaking, groups of animals must be used to provide values at 
different times for the amount and specific activity of F in peripheral mamillary 
compartments. The closer the match between such animals with regard to 
hereditary and nutritional background as well as to age, sex, and body weight 
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at time of tracer F injection, the smaller will be the effects of non-specific 
variations upon the rate measurements to be made. If adjustment of com- 
partmental contents of F to that of a mean animal is required, it should be 
done in terms of the total F within the system. 


It should be emphasized that compartmental content and transfer rate 
calculations involving tracer methods differing from those described in this 
paper have been made (21, 24), and that the above check list does not 
necessarily apply to them. 

A basis for the calculation of self-consistent transfer rates in mammillary 
systems should serve to extend measurements within living systems of cell 
permeability (transfer rate per unit area of cell surface for the factor being 
studied) in so far as such determinations are dependent on rate measurements. 
Since it is now apparent that it is not necessary to limit tracer measurements 
of transfer rates to closed systems of compartments in dynamic equilibrium, 
self-consistent measurements of transfer rates in the developmental and 
adaptive phenomena of physiology and pathology should become available, 
and represent basic data in these fields. 


Glossary of Symbols 


F The symbol used to designate the material factor, the transfer of which 
is being studied. Amounts of F can be expressed primarily as numbers 
of units of F, i.e. numbers of atoms, ions, molecules, or secondarily in 
terms of the mass of a collection of F units. 


j, k Integral numbers used to designate any two of the » compartments 
in a given system of compartments. 


n The total number of compartments in a given system of compartments 
between which transfer rates are to be measured. 


N; — The total number of units of F located within the jth compartment at 
any time ¢; the F contained in compartment 7 at time ¢. 


N;, The total number of units of F located within the jth compartment at 
time ¢ = 0 at which labelled units of F were added to the system. 


N;* The number of labelled units of F located within the jth compartment 
at time ¢. 


Rj, The rate of transfer of units of F into the kth compartment from the 
jth compartment at time ¢. 


R*;, The rate of transfer of labelled units of F into the kth compartment 
from the jth compartment at time ¢. 


R.; The rate of transfer of units of F into the jth compartment from the 
kth compartment at time ¢. 
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R*,; The rate of transfer of labelled units of F into the jth compartment 
from the kth compartment at time ¢. 


t The time interval extending from the time at which labelled units of F 
were added to the system to any subsequent time at which experimental 
observations on F are made. 


@; (t) The continuous and single-valued function relating the per cent of 
labelled F located within peripheral mammillary compartment j plus 
that of the labelled F in that part of the central mammillary compart- 
ment excised with it to the time ¢. 


v1 The specific activity of F in compartment 1 at time ¢. Where 
mammillary systems are being discussed yi represents the specific 
activity of F in the central mammillary compartment. 


Vi The specific activity of F in compartment j at time ¢. 
Y io The specific activity of F in compartment j at time ¢ = 0. 
Vi The specific activity of F in compartment k at time ¢. 


7.3 The weighted average specific activity of F entering compartment 7 
from all sources at time f¢. 


V; The number of F units located at time ¢ within that part of the central 
mammillary compartment excised with compartment /. 


Vi The number of F units located at time ¢ within that part of the central 
mammillary compartment which is removed separately from the 
system (i.e. by exsanguination or exudation) prior to dissection of 
the organism. 


kon 

~( ) This mathematical symbol means: ‘The sum of all factors contained 

ot within the brackets for which subscript k has, in succession, all of the 
integral values 1 to m inclusive.’’ For example, 


k=n 
“ @ (Ry) where k # j * means: 
k=l 
Ry; + Roy +... + Reaeyj + Raj with the term R;; excluded. 
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EFFECTS OF INSULIN ON RATES OF GLUCOSE TRANSFER 
IN THE DEPANCREATIZED DOG! 


By MARGARET J. HENDERSON, GERALD A. WRENSHALL, AND PAUL ODENSE? 


Abstract 


An attempt to answer the question as to whether insulin acts to lower blood 
glucose by increasing utilization, or by decreasing production, or by both, has 
been made using a new experime ntal approach. A trace dose of radioactive 
glucose was injected into each of six postabsorptive depancreatized dogs which 
had been deprived of exogenous insulin for 66 hr. Blood samples were collected 
before and after the intravenous injection of insulin, and plasma glucose con- 
centration and specific activity were measured. From these data the simul- 
taneous rates of appearance and disappearance of plasma glucose were calculated 
for a sequence of time intervals, both before and after insulin, by a method 
which did not assume dynamic equilibrium. Previous in vivo experiments using 
radioactive tracers to measure rates of production and utilization of glucose 
have been made in animals which were in steady states, either with or without 
insulin, and the effects of insulin were ascertained by comparison of the state 
with insulin and the state without insulin. The method described in this paper 
has made it possible to follow the effects of insulin while it is acting in one and 
the same animal. Insulin was found to cause an abrupt and marked increase in 
the rate of disappearance of glucose, and this increased rate became less with 
time, reaching the preinsulin level in about 90 min. Insulin caused a slower and 
much smaller degrease in the rate of appearance, but the decrease became 
greater with time during the three hour period of observation. Thus, it appeared 
that insulin acted im vivo both to increase the utilization of glucose and to 
decrease its production, but the effects differed in magnitude and in speed of 
respec ynse. 


Introduction 


The basic question as to whether insulin administered to the postabsorptive 
diabetic animal acts to lower the blood glucose by decreasing the rate of release 
of glucose into the extracellular fluid, by increasing the rate of its removal 
from the extracellular fluid, or by a combination of both methods, has been 
developed by many investigators. Recent experimental work relating to this 
action of insulin has been reviewed by Stadie (20), and earlier work by Soskin 
and Levine (19). The combined experimental evidence favors the conclusion 
that the administration of insulin to diabetic organisms results in a large 
increase in the rate of disappearance of glucose from the extracellular body 
fluids by transfer“ into the body cells. The effect of insulin on the rate of 
glucose production is not as well established. 

Much of the progress in elucidating the action of insulin has been possible 
through the use of isotopic tracers. However, in the experiments in vivo in 
which isotopes were used, measurements were made in ‘“‘steady states” in 
normal or in diabetic animals, or in animals maintained at a constant blood 
sugar level by glucose infusion. Thus, in order to obtain information as to 
the effects of insulin, comparisons had to be made of one state with another 
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Contribution from the Banting and Best Department of Medical Research, and the Depart- 
ment of Biochemistry, University of Toronto, Toronto, Ontario. This work was supported by 


funds from the National Research Council of Canada and the Banting Research Foundation. 
2 Present address: Fisheries Experimental Station, Halifax, N. S. 





HENDERSON ET AL.: GLUCOSE TRANSFER 927 


(e.g., the state with insulin, and the state without) in different animals or 
groups of animals, or at widely different times in the same animal. If an 
attempt is to be made to follow the action of a single injection of insulin, it 
would be preferable to measure rates of appearance and of disappearance of 
glucose while the insulin is exerting its maximum effect, that is, while the 
blood sugar is changing from its preinsulin to its postinsulin level, and in the 
same animal. The very nature of this situation makes it unprofitable to assume 
dynamic equilibrium. A method of analysis of experimental data with which 
it is possible to measure absolute rates of exchange of a substance between 
compartments in a system of compartments which is not in dynamic equi- 
librium has been developed in this laboratory (9, 29). Using this method, 
simultaneous measurements of rates of appearance of glucose in, and of dis- 
appearance of glucose from the mass of rapidly intermixing glucose of a 
depancreatized dog, before and after the administration of insulin, have been 
made. 


Methods 
Treatment of Animals 


Totally depancreatized dogs, well controlled for periods of from 1 to 12 
months, were deprived of insulin for 66 hr., and fasted for 18 hr., before the 
start of an experiment. Each dog was anesthetized with intravenous sodium 
pentobarbital, and a femoral vein was cannulated. An initial blood sample 
was taken from the cannula, and immediately (i.e., at zero time) a trace dose 
of radioactive glucose was injected into the tibial vein. Blood samples were 
collected at intervals of 15 or 30 min. up to two hours from the injection of 
tracer. This served as the control period. Then 80 units of regular insulin- 
Toronto were injected into the cannula, and further blood samples collected 
at 15 or 30 min. intervals for two to three hours. Anesthesia was maintained 
throughout the experiment by additional small doses of sodium pentobarbital 
when required to prevent movement of limbs. 

In the first three animals it was found that wide fluctuations in plasma 
glucose levels occurred during the initial 90 min., but that the glucose con- 
centration tended to stabilize by 120 min. This was attributed to the effect 
of anesthesia and therefore the experiment was not begun until two hours 
after injection of nembutal in the remaining three dogs. The result was a 
more constant glucose level during the control period. Similar observations 
on the time required to recover from the initial stress due to anesthetization 
have been reported in normal dogs (24). 


Chemical Analysis 


The radioactive glucose, which was uniformly labelled in all carbon atoms 
with C'™, was prepared by the method of Putman, Hassid, Krotkov, and 
Barker (13). The trace dose injected ranged from 0.22 to 2.3% of the initial 
mass of rapidly intermixing glucose of which blood plasma represents a part. 

Blood samples were centrifuged, and protein-free filtrates were prepared 
from the plasma by the method of Somogyi (18). Aliquots of filtrate were 
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analyzed for glucose according to Nelson (12). To the measured balance of 
filtrate was added carrier glucose, and the solution was condensed in vacuo at 
40° to 50° C. to 10 ml. volume. From this, glucosazone was prepared, washed 
with water, dried, and recrystallized from boiling 60% ethanol. It was then 
converted to barium carbonate by the wet combustion method of Thorn and 
Shu (23). Aliquots of the barium carbonate were plated on filter paper discs 
using a modification of the procedure of Henriques, Kistiakowsky, Margnetti, 
and Schneider (8). The C'-radioactivity of the plates was measured in a 
windowless counter. Corrections for self absorption were applied from a 
curve constructed under conditions similar to those used for the samples. 
Specific activity was expressed as counts per minute per milligram of plasma 
glucose as a percentage of the total counts per minute injected. 

Mathematical Analysis 

The plasma glucose concentration and specific activity versus time graphs 
were used to obtain values for these variables at a series of selected times by 
linear interpolation. Fitted functions for use in calculation of rates were then 
obtained as follows: 

(a) Plasma glucose concentration: (i) Control period without insulin—the 
straight line of best fit between concentration and time was calculated. If the 
slope was significant it was used to determine the change with time, and the 
adjusted concentrations. If the slope did not differ significantly from zero, 
the mean concentration was used. (ii) Period after insulin—the straight line 
of best fit between the logarithm of concentration and time was similarly 
calculated and employed. 

(b) Specific activity—the zero time value was calculated from the straight 
line of best fit between the logarithm of specific activity and time during the 
control period. This was then used to calculate the straight line of best fit 
between the logarithm of (specific activity at zero time/specific activity at any 
time) and time for the entire experiment. 

The mass of rapidly intermixing body glucose was determined using the 
principle of isotopic dilution, and from this the glucose space at zero time was 
calculated. This method, using a single injection of tracer, has been criticized 
by Searle (17). 

The rates of appearance and disappearance of plasma glucose were calculated 
according to the following equations of Wrenshall (29) since this experiment 
is an example of his case (b) where measurement is made of total rates of 
transfer into and out of a central mammillary compartment. The equations 
are: 


i N dy; 
1 © hy oe et, 2, 
k=1 ” at aa dt 
kan N; dy; dN 
? a « cy te. cee 
2] 2. Riz 7.1-Y¥; dt i 


where jJH#k 
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Zz (v« Ri,) 
[3] and where 7.i = 


=n 
= 
= Ri; 
k=1 


In this experiment, Y_,; represents the weighted average specific activity of 
all glucose appearing in compartment j at any time t. 

In the dog, as in many other animals, the glucose of blood plasma represents 
part of a continuous compartment of glucose, largely the glucose of extra- 
cellular body fluid, in which uniform mixing of labelled and unlabelled glucose 
occurs in a time which is short when compared with the rapidity with which 
the glucose is replaced in this compartment. 

Wide experience with im vitro samples indicates that transformation of 
glucose into other chemical substances does not occur in fresh plasma at an 
appreciable rate. On this basis, the turnover of plasma glucose in vivo must 
occur as a result of replacement, by passage of glucose as such into and out 
of the larger glucose compartment of which plasma glucose forms a part. 
This process will be referred to here as “‘transfer’’. 

All glucose released from or taken up by body cells must pass into the 
above central compartment before reaching any other compartment. If the 
central compartment be taken as the jth compartment referred to in equations 
[1] and [2] it then becomes possible to measure the size of the central com- 
partment of glucose and to calculate values for the total rates of appearance 
in and of disappearance of glucose from it under the special experimental 
conditions assumed to apply. 

The conditions are that: (7) the labelled glucose added to the central jth 
compartment becomes uniformly mixed with the glucose in the jth compart- 
ment, and that (77) none, or a negligible amount, of the glucose removed from 
the central compartment should reappear in it during the period of observa- 
tion, thus making y,; = 0. Reasons for believing that condition (7) is ade- 
quately met in the present experiment have been dealt with by Wrenshall (29). 
In the case of condition (7) the depancreatized dog which has been deprived 
of insulin shows negligible glycogenesis, and after the injection of insulin the 
rate of glycogenesis becomes so much greater than the rate of glycogenolysis 
that there should be effectively no return of labelled glucose to the glucose 
compartment. Inherent in this is the assumption that the specific activity 
falls to zero, rather than to some higher value, as t becomes very large. With 
these assumptions equations [1] and [2] become: 





k=n N; dy; 
4 Ry = — =, SS, 
[ ] rat kj Yi dt 

k=n > , . 
[5] > Re = Ni dy; = dN; 


- a2” 


I 
LJ 
=} 
~, 
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The symbols in these equations have the same general meanings as given 
by Wrenshall (29), but specific meanings for glucose transfer may be assigned 
as follows. 


k 


= Ri; = Ra = total rate of appearance of plasma glucose 
k=1 
k=n ' 
2 Rx = Rp = total rate of disappearance of plasma glucose 
k=1 
N; = N = glucose mass = (glucose space) (glucose concentration) 
= (V) (C) 
Yi = Y = specific activity of plasma glucose 
dy; 1 ‘ 
a = a = — hy where Xd = slope (In y./¥ vs. t) 
= (2.303) slope (log y./y¥ vs. t) 
dN; dN mee dC ; . 
= - = ) ynere — = 
‘7 di (1 di where di (before insulin) k 


and k = slope (C vs. 2) 
and where ~ (after insulin) = KC 
and K 


II 


slope (In C vs. ft) 
(2.303) slope (log C vs. t) 


Thus the final equations in terms of measurable quantities are: 


N . . 
(6) Ra = - rs (—Ay) = NA = (V) (COA), 
‘ 1N 
Mm R-k-S. 
= Ry, — (V) (k) (before insulin), 


= Ry — (V) (C) (A) (after insulin). 


The time variable factor in these equations is (C), and before insulin C = Co 
+ kt, and after insulin C = Coe-*'. As can be seen in Table I the units of k 
and K differ. 

If V is in deciliters, C in mgm. glucose/dl., and ¢ in min., these rates are 
expressed as mgm*’ glucose/minute. To enable comparisons among dogs of 
different weights a further factor, WW = weight of dog in kgm., has been 
introduced, and the final rates are expressed as mgm. glucose/kgm. body 
weight /minute. 


Results 


The variation with time of plasma glucose concentration and _ specific 
activity is shown in Figs. 1 and 2. The wide fluctuations in glucose concen- 
tration seen during the control period in Dogs I, II, and III have been largely 
avoided by allowing two hours for recovery from the initial effect of anesthesia 
before injecting the tracer in Dogs IV, V, and VI (Fig. 1). 
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Fic. 1. Variation with time from injection of radioactive glucose of plasma glucose 
concentration. 
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Fic. 2. Variation with time from injection of radioactive glucose of plasma glucose 
specific activity. 


Table I shows the smoothed data used for calculation of the rates of appear- 
ance and disappearance of plasma glucose for the various time intervals before 
and after the injection of insulin. The individual calculated rates for the six 
dogs are shown graphically as functions of time (Fig. 3), as is the mean for 
the six dogs, with its standard error (Fig. 4). 

Examination of the mean rates for the six dogs plotted against time (Fig. 4) 
shows that: 

(1) The rates of appearance and disappearance of plasma glucose were 
almost constant during the entire control period, and were approximately 
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Fic. 3. Variation with time from injection of radioactive glucose of rates of appearance 
and disappearance of plasma* glucose. (Plasma* glucose represents not only the glucose 
in the plasma, but also that in the whole mass of rapidly intermixing body glucose. ) 
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in the plasma, but also that in the whole mass of rapidly intermixing body glucose. ) 


TABLE I 


DATA FOR CALCULATION OF RATES OF APPEARANCE AND DISAPPEARANCE OF 
GLUCOSE 


PLASMA 


C, glucose concentration 


Before insulin 





After insulin 


V, r, Co, " Co 
WwW, glucose slope of at zero slope of at zero slope of 
weight, space, Inyo/y vs. é, time C vs. t, time, In C vs. ¢, 

Dog No. kgm. deciliters min.~! mgm./dl. mgm./dl./min. mgm. /dl. min.-! 
1 10.7 33.1 .00581 272 0 290 .01007 

2 8.0 21.7 .00593 411 — .796 232 .00719 

3 8.6 27.4 .00497 320 0 307 .00728 

4 9.4 30.5 .00599 275 .201 266 .00422 

5 14.0 47.6 .00324 306 0 301 .00816 

6 9.0 33.6 .00501 261 0 262 .00987 





equal to each other. The mean rate of appearance for the two hours before 
insulin injection was 4.93 mgm./kgm./min., and the mean rate of disappear- 
ance was 5.21 mgm./kgm./min. This seemed to indicate that these post- 
absorptive depancreatized dogs, although deprived of exogenous insulin for 
three days, had attained a steady state with regard to their production and 
utilization plus excretion of glucose. The rates for individual dogs, except in 
the case of Dog II, showed this state of near-equilibrium. Dog II had a rate 
of disappearance during the control period considerably higher than its rate 
of appearance, which reflected the significant decline in the plasma glucose 
concentration. 
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(ii) The rate of appearance of plasma glucose was not abruptly changed 
by insulin. The mean value for the six dogs, extrapolated to the time of 
insulin injection, was 4.53 mgm./kgm./min. However, it showed a gradual 
decrease, and had fallen to 1.27 mgm./kgm./min. within three hours. Indi- 
vidual dogs showed this same trend, but the magnitude of the fall varied. 

(iit ) The rate of disappearance of plasma glucose was markedly and abruptly 
increased by insulin. This high mean rate of disappearance for the six dogs 
(11.6 mgm./kgm./min. when extrapolated to the time of insulin injection) 
declined rapidly, reached the preinsulin rate by about 90 min., and continued 
to fall, being 2.95 mgm./kgm./min. at the end of three hours (Fig. 4). Con- 
siderable variation was seen in individual dogs. 

In order to assess the significance of these variations in rates, each dog could 
be used as its own control, and the increase in rate as a percentage of the rate 
immediately before the injection of insulin calculated (Tables II and III). 
The mean of these values, with its standard error, for the six dogs, is shown 
in Fig. 5. The decrease in the rate of appearance was not significant at zero 
time, but became so within 15 min. from the injection of insulin. The increase 
in the rate of disappearance was highly significant at zero time, and remained 
so until 60 min. from the injection of insulin, and by 150 min. had changed 


TABLE II 


VARIATION WITH TIME (MINUTES FROM INJECTION OF INSULIN) OF THE INCREASE IN RATES 
OF APPEARANCE OF PLASMA GLUCOSE (AS A PERCENTAGE OF THE RATE BEFORE INSULIN) 


Time I II III IV Vv VI Mean S.E. 
0 6.5 —26.3 —4.1 —11.0 —1.5 0.4 —6.0 4.7 
15 —8.6 —34.0 14.2 —16.4 —13.1 —13.3 —16.6 3.6 
30 —21.3 —40.5 —23.3 —21.7 —22 .8 25.2 —25.8 3.0 
45 —32.3 —46.6 31.0 —26.5 —31.8 —35.7 —34.0 2.8 
60 —4. 9 —52.0 —38.3 —30.8 —39.5 —44.5 —41.2 2.9 
90 —57.1 —61 .7 —50.3 —39.1 —52.8 —58.6 —$3.3 3.3 

120 —68.1 —69.0 —59.9 —46.5 —62.9 —69.3 —62 .6 3.6 
150 —74.9 —67.9 —52.8 —70.9 —77.0 —68.7 4.3 
180 —79.6 —74.2 —58.2 ~77 .4 —83 .2 —74.5 4.3 


TABLE III 


VARIATION WITH TIME (MINUTES FROM INJECTION OF INSULIN) OF THE INCREASE IN RATES 
OF DISAPPEARANCE OF PLASMA GLUCOSE (AS A PERCENTAGE OF THE RATE BEFORE INSULIN) 


Dog Number 


Time I II Ill IV V VI Mean S.E. 
0 191.2 14.4 136.4 70.7 246.3 198.2 142.9 35.5 
15 149.9 2.5 111.6 60.5 205.9 157.2 114.6 29.9 
30 114.9 —7.8 89.3 50.2 171.5 121.9 90.0 25.4 
45 84.9 17.2 70.2 41.1 140.4 91.2 68.4 21.6 
60 58.7 —25.5 52.5 32.8 112.8 65.0 51.1 17.6 
90 17.4 —40.4 22.5 16.9 65.8 23.0 17.5 13.8 

120 —12.7 —51.8 —1.4 2.7 30.3 —8.8 —7.0 10.9 
150 —61.1 —20.7 —9.5 2.4 —31.8 —24.2 10.8 
180 —68.4 —36.1 —19.8 —20.8 —50.0 —39.0 9.2 
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MINUTES FROM INJECTION OF INSULIN 
Fic. 5. Variation with time from injection of insulin of the increase in rates of appear- 
ance and disappearance of plasma* glucose as a percentage of the preinsulin rate. (Plasma* 
glucose represents not only the glucose in the plasma, but also that in the whole mass of 
rapidly intermixing body glucose. ) 


to a significant decrease. Examination of the data for individual dogs shows 
that only Dog II failed to conform to this trend. In this dog insulin appeared 
to cause a slightly greater early reduction in the rate of appearance but had 
almost no early effect on the rate of disappearance (an increase of 14% extra- 
polated to the time of insulin injection), whereas in the other dogs the latter 
showed the most marked response to insulin (increases ranging from 71% to 
246%). However, Dog II had shown a significant decline in plasma glucose 
concentration during the control period, associated with a high rate of dis- 
appearance, which insulin may have been unable to accelerate further. 

In summary, the injection of insulin into postabsorptive depancreatized 
dogs, which had been deprived of exogenous insulin for 66 hr., resulted in an 
abrupt marked increase in the rate of disappearance of plasma glucose, and a 
slow and much smaller decline in its rate of appearance. 


Discussion 


If the rates of appearance and disappearance of plasma glucose measured 
in these experiments, and the effect of insulin on these rates, are to be inte- 
grated with the data of other workers the terminology used must be con- 
sidered. The rate of appearance represents the passage of glucose from its 
sources of supply in the organism into the glucose space, and thus may be 
considered to be equivalent to the rate of production of glucose by the liver 
and the kidney. If the small amount produced by the kidney is ignored, the 
rate of appearance can then be compared with rates of hepatic glucose pro- 
duction as measured by hepatic vein catheterization and isotope dilution 
techniques. 
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The rate of disappearance represents the passage of glucose from the glucose 
space into the cells of the body. This is comparable to the “utilization” rate 
often referred to in the literature, and recently described as ‘‘the disappearance 
of glucose from the blood, or the transfer of glucose from the extracellular fluid 
into the cells’ (27). Once within the cells, the subsequent fates of glucose 
may include oxidation to COs, conversion to glycogen or fat, other chemical 
transformations, or simple accumulation. The method described in the paper 
does not measure these separately, but measures only the over-all utilization. 


With these changes in terminology, our experiments have shown that the 
injection of insulin into postabsorptive, depancreatized dogs, which had been 
deprived of exogenous insulin for three days, resulted in an abrupt marked 
‘increase in the rate of utilization of glucose, and a slower and much smaller 
decline in its rate of production. 

The increased rate of glucose utilization subsequent to insulin administration 
in these depancreatized dogs confirmed earlier experiments comparing depan- 
creatized and normal dogs, in which it was reported that less glucose was 
utilized by the depancreatized than the normal dog (5) measured by the 
angiostomy technique, and less glucose-C'* was oxidized (6). Although no 
significant difference in glucose oxidation in normal and alloxan-diabetic rats 
was found (30, 7), several of the underlying assumptions in this early work 
have been criticized (21), and a decreased rate of oxidation in alloxan-diabetic 
rats reported (21). Both the rate of disappearance of glucose, and the rate 
of its oxidation, were higher in eviscerated rabbits treated with insulin than 
in those not so treated, and the increase in disappearance was immediate, 
while the increase in combustion was delayed (28). On the other hand, no 
significant differences between peripheral utilization of glucose in normal and 
diabetic humans were found using the hepatic vein catheterization technique 
(4, 11, 1). In one such experiment, however, peripheral utilization measured 
after the injection of insulin showed an increase in both normal and diabetic 
subjects (2). 

In the foregoing in vivo experiments, except for the case mentioned in man, 
the effects of insulin were estimated by comparison of rates of utilization or 
oxidation of glucose in normal and in depancreatized or alloxan-diabetic 
animals, and in animals infused with glucose, treated or not treated with 
insulin. Thus, it was assumed that the animals were in steady states. In 
vitro experiments, on the other hand, have been able to follow the effects of 
the addition of insulin to the medium containing a tissue, and in this respect 
are more similar in type to the experiment reported in this paper. Our experi- 
ments im vivo have shown the same increased utilization of glucose after 
insulin which has long been established (20) as occurring in rat diaphragm 
after addition of glucose to the medium. 


While there seemed little doubt that utilization of glucose was increased by 
the addition of insulin, both im vivo and in vitro, the effect of insulin on glucose 
production was less clear. The decreased rate of glucose production subsequent 
to insulin administration noted in our depancreatized dogs confirmed earlier 
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experiments in which the turnover rate (equivalent to the rate at which 
glucose was supplied to the blood stream by the liver (16)) was found to be 
higher in depancreatized than normal dogs (6, 17), and in alloxan-diabetic 
than normal rats (7). This higher rate of glucose production in alloxan- 
diabetic rats was also found using a glucose infusion technique (25). Increased 
hepatic glucose output in diabetic humans, as compared with normal humans, 
has been reported (4) but in other experiments no significant differences were 
found (11, 1). The experiments in man have made use of the hepatic vein 
catheterization technique, and the validity of this method in estimating over- 
all metabolic changes has been questioned (3). No significant differences in 
hepatic glucose output in normal and depancreatized dogs were found using 
the angiostomy technique (5). 

In vitro studies showed that the diabetes in rats following either alloxan or 
partial pancreatectomy was associated with an increased formation of glucose 
from pyruvate, from glycogen, and from unknown precursors in liver slices 
(15). Kidney slices from alloxan-diabetic rats also showed a higher glucose 
output, and a greater glucose formation from pyruvate, than slices from 
normal rats, and prior treatment of the rats with insulin decreased these values 
to normal (22). 

These in vivo and in vitro experiments concerning glucose production have 
been made in steady states, the state with insulin being compared to the state 
without insulin. One of the reasons for lack of agreement in the results of 
different experimenters, both in glucose production, and in glucose utilization 
mentioned earlier, was probably the difference in nutritional state of the 
animals. It is known that fasting diabetic and normal animals for equal 
lengths of time will produce differences in nutritional state, and the nutritional 
state of an animal has considerable effect on the oxidation of glucose. This 
difficulty has been avoided in our experiments by using the same animal 
before and after insulin. 

This more direct approach of measuring the rates of production of glucose 
before and after the administration of insulin has been attempted in two of 
the foregoing hepatic vein catheterization experiments on man, and in both 
the hepatic glucose output was decreased (4, 1). Although the addition of 
insulin to liver slices im vitro did not give consistent effects (14), if the insulin 
were injected into alloxan-diabetic rats before killing a decrease in glucose 
synthesis from pyruvate in the liver slices was found to occur. This response 
was very slow, not being evident until more than 24 hr. after insulin. 

It is of interest to compare the speed of hepatic response to insulin in these 
two types of experiments with that obtained in the present investigation. The 
in vitro response was delayed, so much so that Renold ef al. postulated (14) 
that the immediate metabolic effects of insulin took place at the periphery 
only, and that the gradual effects on hepatic metabolism might represent 
metabolic adaptation to the new demands created by the peripheral changes. 
The experiment presented in this paper showed an hepatic response of very 
small magnitude at first (a decrease of 17% at 15 min.), while the hepatic 
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glucose output obtained by catheterization (1) was marked and immediate 
(a decrease of about 50% within five minutes). One explanation for this 
rapid response might be that the latter method measured only net release of 
glucose from the liver, i.e., the glucose in the hepatic vein represented the 
difference between glucose taken up by the liver cells, and released from the 
cells, as was pointed out by Myers (11). The instantaneous decrease in net 
production might reflect the renewed ability of glucose to be transferred from 
the blood into the liver cells, rather than a decrease in its production. The 
method used in the present experiment was able to differentiate between 
production and utilization, and a definite, although small and gradual, decrease 
in production was found. This might represent a slow decline in gluconeo- 
- genesis which itself might be secondary to the increased uptake of glucose by 
the liver cells. 

To summarize, our data from the depancreatized dogs seem to fit the concept 
that insulin acts in vivo both to increase glucose utilization and to decrease its 
production, but that the effects differ in magnitude and in speed of response. 
The underlying cause of the increased utilization could not be determined by 
our experiment. However, the rapidity of the response suggested an action 
on the transfer mechanism whereby glucose enters the cells, such as has been 
postulated (10, 26). The slower, smaller effect of insulin in decreasing glucose 
production might be merely secondary to the increased uptake of glucose by 
the glucose producing cells. 
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DIRECT VERSUS TRACER MEASUREMENT 
OF TRANSFER RATES IN A HYDRODYNAMIC SYSTEM 
CONTAINING A COMPARTMENT WHOSE CONTENTS 
DO NOT INTERMIX RAPIDLY! 


By HArrY SCHACHTER 


Abstract 


The working basis for the measurement of transfer rates between compart- 
ments developed in a preceding paper by Wrenshall is demonstrated for a closed 
hydrodynamic mammillary system in dynamic equilibrium. Rapid uniform 
intermixing of the water in one of the peripheral compartments was prevented by 
the presence there of glass tubelets. Rates of water transfer were measured 
directly with a graduate cylinder and stop watch, and calculated by means of 
equation [9] of the preceding paper, using crystal violet dye as tracer. It is 
clearly demonstrated that to measure transfer rates between the central com- 
partment and the non-uniformly mixing peripheral compartment, it is necessary 
to extrapolate all tracer measurements to time of tracer addition to the central 
compartment. The amount of water contained in the central compartment 
was measured in the same experiment both directly and by tracer dilution. The 
procedures and problems involved in performing the above model experiment 
are compared with those encountered in the tracer measurement of transfer rates 
and compartmental contents in living mammillary systems. 


Introduction 


In the preceding paper (4), a basis was outlined for the measurement of 
transfer rates and compartmental contents in compartments where uniform 
mixing of the factor under study does not occur. The purpose of this paper 
is to investigate the applicability of these methods to a hydrodynamic model 
system under conditions simulating those encountered in experiments with 
living animals. In one such experiment (3), a measured amount of labelled 
factor was injected intravenously into each of a number of closely comparable 
animals, with groups of these animals killed at specified times thereafter. 
Organs were separated and analyzed for total factor and for labelled factor. 
From the combined data, the functional dependencies of specific activity and 
of total content of the factor being traced on the time ¢ after injection of the 
factor were determined for every dissected organ or tissue. With minor 
differences, the procedure followed using the hydrodynamic system to be 
described in this paper was patterned after this animal experiment. 


Theory 


The theoretical considerations behind the equations for the tracer measure- 
ment of transfer rates have been considered in detail in the preceding paper (4). 
These considerations will not be repeated in this paper. All of the tracer- 
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calculated transfer rates presented in this paper were determined using either 
equations [6] or [9] of the preceding paper. These equations are as follows: 


k=n P . 
[6] > (Rk) = 7 seh St 
k=1 


ta - & & * 
where R,; is the transfer rate of some selected chemical factor from compart- 
ment k to compartment 7 in an unconstrained system of ” uniformly mixing 
compartments at any time ?. Integer k takes all values from 1 to m inclusive, 
except 7. 
= kh. 
honey eS 
where &,; is the transfer rate of the selected factor from the central compart- 
ment (number 1) of a mammillary system of uniformly mixing compartments 
to peripheral compartment 7 at any time ¢. 

N; represents the total number of units of the factor in the jth compartment 
at time ¢; y: and yj; are the average absolute specific activities at time ¢ of 
the factor in compartments 1 and j, respectively; y_,; represents the weighted 
average specific activity of all the factor appearing in compartment j at time ¢. 


[9] Rij 


Experimental 


The arrangement of the closed hydrodynamic mammillary system of 
compartments employed in this experiment is illustrated in Fig. 1. The 
pumps were set to transfer water from the central compartment A into the 
two peripheral compartments B and C at rates which were kept constant 
during a particular run and also from run to run. Although the rate deter- 
mination methods used are applicable to compartments out of dynamic 
equilibrium (2), the content of water in each of compartments A, B, and C 
was kept as nearly constant as possible during a run; it is difficult to set up 
closely similar runs unless dynamic equilibrium is adopted. Rapid uniform 
intermixing of water occurred in compartments A, B, and in the upper part 
of C. A volume of glass tubelets in the lower part of C delayed uniform 
intermixing of the water contained there. 

Fifteen individual runs were performed. These runs were stopped at 
various times after injection of tracer into the central compartment A. This 
procedure corresponds with that in the animal experiment of Lax and 
Wrenshall (3), every run being the equivalent of an animal. The tracer used 
was an aqueous solution of crystal violet dye. Specific activity (dye con- 
centration) values were obtained for compartments A and B by continuous 
sampling throughout every run as described elsewhere (2). At the end of 
every run, compartment C was shaken up so that all of the dye in C was 
uniformly mixed with all of the water in C; this liquid was then used to 
determine the average specific activity in compartment C. The specific 
activity versus time curves for each of compartments A, B, and C were fitted 
to these data. 








942 CANADIAN JOURNAL OF BIOCHEMISTRY AND PHYSIOLOGY. VOL. 33 












R 


- 




















Fic. 1. Closed hydrodynamic mammillary system maintained in dynamic equilibrium. 
Rates of water transfer Ra, and Rac were measured between central compartment A and 
peripheral compartments B and C, respectively, both directly and by tracer. Uniform 
intermixing occurred rapidly throughout compartments A, B, and the upper part of C. 
Glass tubelets in the lower part of C delayed uniform mixing there. Compartmental 
volumes were: A, 1546 + 74 cc.; B, 964 + 21 cc.; C, 648 + 25 cc. 


Rates of water transfer R,, and R,,. between central compartment A and 
the peripheral compartments B and C, respectively, were measured directly 
by graduate cylinder and stop watch before and after every run and indirectly 
by equation [9] at various times after tracer addition. The tracer-measured 
total rate of water transfer for compartment A was calculated by equation [6] 
at time of tracer addition (when ¥_,. is zero). The volume of water contained 
in compartment A, at the time when tracer dye was added to it, was calculated 
by the measured extent to which the dye was diluted. 


Results 


Average values for the specific activities in compartments A, B, and C at 
various times after addition of tracer to A are plotted in Fig. 2. The curves 
for compartments B and C both show zero specific activity at 0.4 + 0.1 min. 
after addition of tracer to A. The period of 0.4 min. represents the length 
of time required for tracer dye to pass through that volume of water in com- 
partment A contained in the pumps and tubing leading to compartments B 
and C. Hence the effective time of tracer addition to A was 0.4 min. after 
the actual time. 

Curves can be fitted to the specific activity versus time plots for all three 
compartments either by drawing a smoothed curve through the points or by 
the statistical fitting of a function. Similarly, the slopes of these curves at a 
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Fic. 2. Specific activity (dye concentration) versus time plots for compartments A, 
B, and C of Fig. 1. The specific activity finally reached in all compartments should be 


9.50 K 10% (total volume of dye added to system divided by total volume of liquid 
in the system). 


given time can be determined either by drawing tangents or. by differentiation 
of the fitted functions with respect to the time. While a smoothed curve can 
be drawn by inspection through specific activity values for compartment B 
over the entire range of time values, it is clear from Fig. 2 that an accurate 
extrapolation of the curves for A and C towards effective time of tracer addition 
is difficult unless statistical methods are employed. Accordingly, functions 
were fitted for compartments A and C; the method employed for fitting 
exponential functions is described elsewhere (1). These functions were used 
to determine the necessary gradients at various times after tracer addition by 
differentiation with respect to the time. The functions are as follows: 

Ya = (9.50 + 11.4 e~°-#7*) 10° 
for specific activity of compartment A where Yq is the specific activity (in 
© dye concentration) at ¢ min. after actual tracer addition. 

Ve = (8.10 — 9.84 e-9-55tt) 10 
for specific activity of compartment C where y, is the specific activity at 
t min. after actual tracer addition. 
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The theoretical final specific activity for all compartments in the closed 
system worked out to be 9.50 XK 107? % (Fig. 2). Actually, according to the 
fitted function for C,7y. appears to be approaching a value lower than 
9.50 X 10°? % at “‘infinite’’ time owing to the fact that little or no dye had 
penetrated to the lowest tubelets of compartment C at 10 min. after addition 
of dye to the central compartment. Furthermore, it is to be expected that 
the equation for compartment A would show a second exponential term owing 
to the slow component of compartment C. The plot of log (y. — 9.50) 
against time does in fact show a non-linearity at about nine minutes after 
tracer addition. However, the effect is very small and was not subject to 
accurate measurement by the methods used. Compartment B is larger than 
C and its contents are turning over more slowly. Hence its specific activity 
curve rises more slowly than that for C. 

The above results, together with directly measured compartmental content 
values (Fig. 1), permitted calculation of rates Ra, and Ra. by equation [9]. 
The tracer-calculated rates of water transfer between the uniformly-mixing 
compartments A and B correspond to within 10% with the average directly 
measured rate of transfer R,, throughout the period of observation (Fig. 3), 
the initial value corresponding closely. On the other hand, the tracer- 
calculated rate of transfer between A and compartment C is seen to correspond 
with the directly measured rate R,. only at the effective time of addition of 
tracer dye to the central compartment A. This discrepancy was to be 
expected owing to the non-uniform mixing device included in compartment C. 

The volume of water in the central compartment, measured by tracer dye 
dilution following extrapolation of dye concentration to effective time of 
tracer addition to A, was 1.54 X 10° cc., which corresponds well with the 
directly measured volume (1546 + 74 cc.). The volume of standard dye 
solution added to the central compartment A at the start of every run was 
3.00 cc. 

Referring all tracer-calculated transfer rates to effective time of addition of 
tracer dye to the central compartment, the following values were obtained: 
Ra = 91 cc./min.; Rae = 148 cc./min. The total tracer-measured rate of 
transfer of water to compartment A was 259 cc./min. The directly measured 
rates corresponding to the above figures were: R’a, = 90 + 5 cc./min.; 
R' ae = 147 + 6 cc./min. Hence, the total rate of water transfer through 
compartment A is (R’a, +R’ac) = 237 + 11 cc./min. 

Agreement is seen to be excellent for rates of transfer between the central 
and each peripheral compartment calculated at the effective time of tracer 
addition. By the self-consistency test described in the preceding paper (4), 
the total tracer-measured rate of transfer should equal the sum of the tracer- 
measured rates (Ras + Ra-). Actually the total tracer-measured rate is too 
high by 9%, which exceeds the range of error of the measurement. 

The direction of this difference indicates that it resulted from dye adsorption 
on the glass walls of compartment A, including its pump and tubing spaces, 





SCHACHTER: TRANSFER RATES IN HYDRODYNAMIC SYSTEM 945 


during the time following addition of dye to A. Adsorbed dye could be seen 
on the glassware at the end of every run. It was removed by dilute chromic 
acid before another run was carried out. Using the subscript (_)»o to denote 
values at the effective time of tracer addition to A, such adsorption would 
tend to increase (—dy ./dt)» without affecting (¥Y.«)o appreciably, thus increasing 
the total tracer-calculated transfer rate for compartment A (using equation 
[6] at effective time of tracer addition) without affecting its content as 
calculated by dye dilution (using (Ya)o). Also, dye adsorption could not 
affect tracer-measured values for (Ra»)o or (Rac)o calculated by extrapolation 
to effective time of addition of dye to A, since (Ya)o but not (dy,/dt)o is 
involved in their calculation by equation [9]. However, progressive dye 
adsorption throughout the whole system during the period of observation can 
be expected to affect the tracer-calculated rates Ra, and Ra. when values 
measured at times after effective dye addition to A are used. This error was 
observed in the tracer-calculated R.» values (Fig. 3) which should theoretically 
remain constant at all times at the directly measured value of 90 + 5 cc./min. 
The effect was masked in the tracer-calculated R,. values measured at times 
later than the initial time of tracer addition by the much greater effect of 
non-uniform mixing (Fig. 3). 
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Fic. 3. Direct- and tracer-measured rates of water transfer to peripheral mammillary 
compartments B and C from the central compartment A of Fig. 1. Tracer-measured rates 
were calculated assuming quick uniform mixing in all compartments (true for A and B, 
not for C). 
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Equations [6] and [9] both yield calculated rates at any selected instant of 
time ¢. For the calculation of these rates at a given point in time, the slopes 
of the respective specific activity versus time curves are required at that 
specific time. In order to avoid the necessity for measuring gradients, 
equations [6] and [9] can be written in integral forms so as to yield integrated 
rates of transfer over some arbitrary period of time. When dealing with 
systems of uniformly mixing compartments, calculations using data from the 
model system (for compartments A and B only) showed that the instantaneous 
(differential) and integral methods yield similar results to within 5%. How- 
ever, integral methods failed to achieve the accuracy of the instantaneous 
method in calculating the rate of transfer between the central compartment A 
and the non-uniformly mixing compartment C. This was to be expected since 
Ra- can be correctly calculated only by extrapolation to the effective time of 
tracer addition. 


Discussion and Conclusions 


The results of this model experiment illustrate the applicability of the 
mathematical bases outlined in the preceding paper (4) for the calculation of 
transfer rates and central mammillary compartment content in a system 
requiring the extrapolation of all tracer measurements to time of tracer 
addition. The experiment does not provide a basis suitable for illustrating 
the determination of peripheral compartment content as outlined in Theory 
(Section D) of the preceding paper (4). Because of the effect of dye adsorp- 
tion on tracer-calculated transfer rates, the experiment would probably have 
been more effective had deuterium or tritium been used as a tracer for water. 


The procedure followed in this hydrodynamic experiment simulated in 
various ways conditions found in certain types of animal experiments, and 
some of these conditions have been pointed out. The delay before the tracer 
is distributed uniformly throughout the central compartment has its parallel 
in the animal. Slight differences observed in the properties of the tracer and 
of the substance being traced are comparable to slight differences observed in 
the responses of two isotopes of a given chemical in the same metabolizing 
system. 

In general, any animal with a forced circulation can be considered as a 
mammillary transfer system with a uniformly mixing central compartment and 
peripheral non-uniformly mixing compartments. The experiment has 
demonstrated that to measure rates of transfer between the central compart- 
ment and non-uniformly mixing peripheral compartments of such a 
mammillary system, it is essential to extrapolate all tracer measurements to 
effective time of tracer addition, i.e., to the time at which tracer just begins to 
leave the central compartment but is not yet present in the peripheral com- 
partments. The rate and compartmental content calculations based on such 
a procedure agreed to within 2% with directly measured values in the hydro- 
dynamic system. The experiment of Lax and Wrenshall (3) indicates that 
the same basic procedure can be successfully applied to living systems. 
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STUDIES OF LIGNIN BIOSYNTHESIS USING ISOTOPIC CARBON 


IV. FORMATION FROM SOME AROMATIC MONOMERS'? 


By STEWART A. BROWN AND A. C. NEISH 


With the technical assistance of F. M. CLARE and M. D. CHISHOLM 


Abstract 


StudiesZhave}been carried out on the transformation of some C'-labelled 
aromatic monomers into the lignin residues which yield phenolic aldehydes on 
nitrobenzene oxidation. The dilution of the radioactive carbon during trans- 
formation of the administered precursor to the aldehyde-yielding residue has 
been taken as a criterion of its efficiency as a lignin precursor. In wheat plants, 
substances with a phenylmethane (C¢, Ci) skeleton are not, in general, efficient 
precursors, although the carbon-14 of vanillin and p-hydroxybenzoic acid is 
incorporated appreciably into parts of the lignin. In contrast, several sub- 
stances with a phenylpropane (C., C;) structure—phenylalanine, tyrosine, and 
cinnamic acid—are readily transformed to two or more of the three lignin resi- 
dues, and ferulic acid is very efficiently converted to the guaiacyl part of lignin. 
Degradation experiments indicate that the aromatic ring and at least the adja- 
cent side chain carbon of the Cs, C; compounds are incorporated as a unit. 
Preliminary evidence has been obtained of marked differences in the utilization 
of lignin precursors by different species. A new procedure is described for the 
separation of vanillin, syringaldehyde, and p-hydroxybenzaldehyde by partition 
chromatography on columns of diatomaceous earth. 


Introduction 


The gradual elucidation of the structure of lignin, which has taken place 
since its discovery over a century ago, has been accompanied by numerous 
theories on the nature of the lignification process. These have recently been 
reviewed extensively by Brauns (4). Although a wide variety of plant con- 
stituents have been postulated as lignin precursors, in most cases experimental 
evidence supporting these theories has been meager. On the basis of the most 
recent findings the only tenable theory appears to be that lignin is a polymer 
of some compound with a phenylpropane skeleton, probably, in some species 
at least, of coniferyl alcohol. 

The idea that lignin is formed by polymerization of a Ce, C3 (or phenyl- 
propane) unit was first advanced by Klason (19) in 1897. He suggested that 
the plant synthesizes lignin by the polymerization of coniferyl alcohol (I), the 
aglucone of the naturally-occurring glucoside, coniferin. Since that time 
much evidence (4, 12) has accumulated pointing to a fundamental lignin 
building unit having the Cz, Cs structure. In recent years extensive research 
has been undertaken by Freudenberg and his associates in an effort to demon- 
strate experimentally the polymerization of coniferyl alcohol and related 


1 Manuscript received June 6, 1955. 


Contribution from the National Research Council, Prairie Regional Laboratory, Saskatoon, 
Sask. Issued as N.R.C. No. 3719. Presented in part at the Fifth Annual Conference on Plant 
Physiology, Montreal, Que., November, 1954. 


2 Reference (6) is considered as Part III of this series. 
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substances to a lignin (12). Under the influence of a polyphenoloxidase 
preparation from mushrooms, coniferyl alcohol has been polymerized to a 
substance very similar in both chemical and physical properties to spruce 
lignin (14). Very recently, however, doubt has been cast on the assumption 
that polyphenoloxidase itself is the active component of Freudenberg’s prepa- 
ration by the work of Mason and Cronyn (21). The German workers have 
been able, further, to isolate from the reaction mixture three dimeric dehydro- 
genation products of coniferyl alcohol, which they have described as secondary 
lignin building stones (16). Oxidizing enzymes have also been demonstrated 
in coniferous wood (15). Freudenberg and Bittner (13) have reported that 
the greater part of the radioactive carbon in coniferin (carbinol-C™) admin- 
istered to young spruce shoots is incorporated into the wood within two weeks, 
90% of the C™ being recoverable in insoluble form with the lignin. 


Siete I: R=CH.OH 
HO >CH =CH—R Il: R=COOH 


CH;0 


Further evidence that simple Cs, C; compounds can serve as lignin pre- 
cursors has been adduced by Siegel (27, 28, 29), who noted an increase in the 
formation of lignin-like material by plants exposed to eugenol and ferulic 
acid (II). Production of this lignin-like substance was greatly accelerated by 
the presence of hydrogen peroxide, and Siegel inferred the participation of a 
peroxidase in the process. It is of interest that other Cs, C; compounds, 
cinnamic acid and tyrosine, were ineffective, whereas thymol, having a C,, 
Cs, C3 structure, was utilized. Wacek, Hartel, and Meralla (35, 36) have 
observed increased lignification, as judged by staining reactions, in tissue 
cultures of spruce and carrot grown in the presence of coniferin. 

Although the final steps in lignin formation are becoming progressively 
clearer, the reactions leading from carbon dioxide to the primary lignin 
monomer remain relatively obscure. We have recently reported (6) that 
shikimic acid is an efficient lignin precursor in wheat and maple plants, and it 
appears reasonable, therefore, that a system analogous to that found by Davis 
and co-workers (22, 37) in E. colt: 
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HOOC CH,-CO-COOH CH.-CO-COOH 
OH 
Prephenic acid Phenylpyruvic acid 


is also present in higher plants, and leads to the formation of Cs, C3 aromatic 
‘monomers. The present study, dealing with a number of simple aromatic 
compounds, was undertaken to elucidate part of the pathway by which lignin 
is synthesized. 

At the commencement of this investigation little was known of the mechan- 
ism by which the C,, C3; skeleton is synthesized in higher plants. One con- 
conceivable pathway was the formation of the Cs, C; (phenylmethane) skeleton 
from a seven-carbon intermediate, such as sedoheptulose, followed by a 
condensation with a two-carbon fragment after aromatization. For this 
reason, and because this type of compound is readily synthesized, a number 
of aromatic Cs, C; compounds were studied. With one exception these were 
carboxylic acids, which are readily soluble in water, either as the free acid or 
as the alkali metal salts. To enable a comparison of results obtained under 
different experimental conditions, it was necessary to include in each experi- 
ment some standard compound. For this purpose L-phenylalanine was 
chosen, as it is a Cs, C; compound commercially available labelled with C%, 
is water-soluble, and is known to participate in the metabolism of higher 
plants. 

Isolated lignin has a variable and uncertain chemical structure, and does 
not lend itself to the accurate calculation of specific radioactivities on a molar 
basis. Conversely, the phenolic aldehydes from the nitrobenzene oxidation 
of lignin are crystalline compounds which can be purified to constant specific 
activity. In earlier experiments (6, 7, 32), therefore, the specific activities 
of these aldehydes have been taken as the criterion of C'-incorporation into 
lignin. This permits a relatively accurate comparison of the efficiency with 
which various pure C'-labelled precursors are transformed into each of the 
corresponding lignin residues. The procedure has the disadvantage that at 
least two carbons of the presumed lignin monomer are not isolated, but work 
is currently in progress on the isolation of a lignin degradation product with a 
monomeric Cs, C3; structure, and it is hoped to extend the technique in this 
way. 


Experimental 


Cultivation of the Plants 


Facilities were not available for growing the plants under standard condi- 
tions. Most of the wheat plants (Triticum vulgare Vill. var. Thatcher) studied 
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were grown in a greenhouse in soil, sand, or gravel, the latter proving most 
satisfactory (11). The illumination was supplemented with artificial lighting 
to produce a light intensity of 8600 lumens per square meter (800 ft-c.) and a 
day length of 18 hr. Some of the wheat was grown outdoors under field 
conditions. All wheat plants were used for the experiments a few days after 
heading-out, at which stage lignification is proceeding at a rapid rate (33). 
Other species studied were maple (Acer Negundo L. var. interius), poplar 
(Populus balsamifera L.), and caragana (Caragana arborescens Lam.). Twigs 
of these woody plants were cut from the trees or bushes as required during 
the summer of 1954. The results of duplicate experiments at different times 
and under different conditions have indicated that the variation in growing 
conditions did not cause any qualitative changes in lignin biosynthesis. 


Synthesis of C-labelled Compounds 


Carboxyl-labelled benzoic acid and randomly labelled L-phenylalanine and 
L-tyrosine were purchased from Atomic Energy of Canada Ltd. Cinnamic 
acid-8-C'* was prepared as follows: Benzoic acid was converted to benzoyl 
chloride by treatment with thionyl! chloride, and the acid chloride was reacted 
with ammonia in ethanol to form benzamide. The benzamide was dehydrated 
to benzonitrile by distillation from sodium aluminum chloride (24) and the 
nitrile was converted to benzaldehyde by Stephen’s method (30, 31). Cinna- 
mic acid-B-C™ was obtained by refluxing the benzaldehyde (0.5 gm.) for four 
hours with malonic acid (1.2 gm.), pyridine (5 ml.), and piperidine (2 ml.). 
The over-all yield of cinnamic acid was about 40%, based on the benzoic acid. 

a-Acetaminocinnamic acid-B-C™“ was prepared from another portion of the 
carbonyl-labelled benzaldehyde by a previously described method (17) 
reduced to a 5 millimole scale. It was converted to phenylpyruvic acid-B-C™ 
by hydrolysis with dilute hydrochloric acid (18). The material crystallizing 
directly from the hydrolyzate on cooling was isolated by filtration, washed 
with ice-water, dried to constant weight at room temperature in a stream of 
dry air (one hour), and then used at once. The yields of these compounds 
were about the same as those reported previously (17, 18). 

Carboxyl-labelled anisic acid was prepared from p-bromoanisole by the 
Grignard reaction (26). It was demethylated to carboxyl-labelled p-hydroxy- 
benzoic acid by treatment with aluminum bromide in benzene (25). The benzyl 
ether of carboxyl-labelled vanillic acid was synthesized by the method of 
Kratzl and Billek (20). Debenzylation by boiling with dilute hydrochloric 
acid (1:1) gave carboxyl-labelled vanillic acid in 71% yield. The vanillic 
acid was demethylated to protocatechuic acid (yield 77%) by refluxing with a 
mixture of 45% hydriodic and glacial acetic acids (3:10 by volume) for five 
hours. Another portion of the benzyl ether of vanillic acid was converted to 
carbonyl-labelled vanillin (20). The vanillin was condensed with malonic 
acid in pyridine containing a little aniline under the conditions described by 
Vorsatz (34) for the synthesis of caffeic acid; this gave ferulic acid-B-C™ in a 
vield of 90% based on the vanillin. 
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Carboxyl-labelled trimethylgallic acid was prepared from 3,4,5-trimethoxyio- 
dobenzene by treatment with -butyl lithium and then carbon dioxide under 
conditions similar to those used for the preparation of the benzyl ether of 
vanillic acid. The yield was 74% based on the labelled carbon dioxide. The 
trimethylgallic acid was converted to carboxyl-labelled syringic acid by 
demethylation with sulphuric acid (3) in 75% yield. 


Administration of Labelled Compounds 


Two methods were employed for administration of the C'*-labelled com- 
pounds. In the earlier experiments with wheat (Lot I in Tables) aqueous 
solutions of the various substances which, except in the case of phenylalanine, 
were fed as the sodium or potassium salts, were injected into the hollow 
internodes under aseptic conditions (5). Later it was found that these solu- 
tions could be absorbed rapidly enough (one to two hours) through cut ends 
of the stems that bacterial interference could be neglected, and this procedure 
proved more satisfactory when the period of metabolism after feeding was 
relatively short (ca. 24 hr.). This latter method only was used with the 
woody plants. 

After injection, the wheat plants were returned to the greenhouse and 
allowed to metabolize under normal conditions for the required time. Plants 
which had been fed through the cut stems were placed in water beside a north 
window or a bank of fluorescent lamps. 


Isolation of Phenolic Aldehydes 


After harvesting, the plant material was dried in vacuo at 60°, ground, 
extracted with ethanol—benzene and hot water, and oxidized with nitrobenzene 
as previously reported (7). Two procedures were used for separation and 
purification of the resulting phenolic aldehydes. Procedure 1, which was 
described elsewhere (7), involved chromatography on paper sheets (Whatman 
3 MM) followed by isolation and purification of the aldehydes as the 2,4- 
dinitrophenylhydrazones. This procedure was used in experiments with the 
woody plants and the wheat plants designated Lot I in the Tables. As losses 
during recrystallization made it impractical to purify adequately the small 
amount of relatively low-activity p-hydroxybenzaldehyde obtained by the 
above method, this compound was not examined. 

Procedure 2 was developed subsequently and was used for the Lot II wheat 
plants. It involved partition chromatography on a column of diatomaceous 
earth. This method was less time-consuming and permitted a clean separation 
of p-hydroxybenzaldehyde. The oxidation mixture from 1—2 gm. of extractive- 
free material was filtered with Celite Analytical Filter Aid and the alkaline 
filtrate extracted twice with ether. The aqueous phase was acidified with 
hydrochloric acid, adjusted to pH 6.5—7.0 with sodium bicarbonate, and the 
aldehydes were extracted with two 50 ml. portions of ether. The combined 
ether extracts were washed once with 25 ml. of water and then shaken with 
two 50 ml. portions of sodium bisulphite (2 M) to extract the aldehydes. 
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The bisulphite extracts were combined, acidified with 25 ml. of 10 N sulphuric 
acid, and aerated under reduced pressure for 15 min. at room temperature and 
then on a steam bath until the odor of sulphur dioxide was no longer detectable 
(about 20 min.). The aerated solution was extracted with two 50 ml. portions 
of ether and the combined extracts were evaporated in a tared beaker. 


A solution of the bisulphite-soluble oils (containing not more than 60 mgm. 
of total aldehydes) in 2 ml. of warm water was pipetted on a Celite—-water 
column (23) of 22 mm. diameter. This was composed of a layer of 12 gm. of 
acid-washed Celite 535 mixed with 10 ml. of water, surmounted by a layer of 
2 gm. of anhydrous Celite. The sample was absorbed into the anhydrous 
layer and development started with the solvent used in packing the column; 
i.e. ‘‘isodctane’’ (2,2,4-trimethylpentane) containing 10% of benzene by 
volume and saturated with water. A series of 10 ml. fractions was collected. 
They were tested for phenols by spotting on filter paper and spraying with 
the ferricyanide reagent of Barton et al. (1). Vanillin was found in fractions 
ca. 8-12 and syringaldehyde in fractions ca. 16-28. The developing solvent was 
then changed to benzene saturated with water. After 40 ml. of this solvent 
had passed into the column p-hydroxybenzaldehyde appeared in the eluate. 
It was all removed by a further 40 ml. of benzene. About one hour was 
required to fractionate one sample of bisulphite-soluble oils. The fractions 
containing the three aldehydes were evaporated under a stream of air on a 
steam bath. Care was taken to remove them from the bath as soon as the 
solvent was reduced to about one milliliter, to avoid loss by sublimation. The 
samples were dried to constant weight at room temperature and (when neces- 
sary) sufficient carrier was added to give about 15 mgm. of aldehyde. This 
was dissolved in enough water so that a final concentration of 2 mgm. of 
aldehyde per ml. resulted after addition of a 20% excess of a 1% aqueous 
solution of m-nitrobenzoylhydrazide. The hydrazones were allowed to 
crystallize out overnight. They were filtered on a sintered glass filter, 
washed with water, and dried to constant weight in a vacuum oven at 60° C. 

The aldehydes obtained from the column crystallized readily. The vanillin 
melted at 68-72°, syringaldehyde at 108-109°, and the p-hydroxybenzaldehyde 
at 105-107°. The hydrazones appeared to be fairly pure after one crystalliza- 
tion from acetic acid-water with melting points of 109-110°, 118-119°, and 
277-279° C., respectively, and recrystallization did not alter the specific 
activity. Thirty-three per cent ethanol was also suitable for recrystallization 
of the hydrazones. More than 95% of each of the aldehydes in a synthetic 
mixture was recovered. 


Degradation of the m-Nitrobenzoylhydrazones 


Vanillin was regenerated from its m-nitrobenzoylhydrazone essentially 
according to the directions of Kratzl and Billek (20). A 200 mgm. sample of 
the hydrazone was dissolved in 11 ml. of 2 N sodium hydroxide and the 
solution was heated to boiling. To this was added slowly 2 to 3 ml. of hot 
water containing 706 mgm. of mercuric chloride. The solution was boiled for 
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two minutes after all the latter had been added, and then cooled and filtered. 
The filtrate was brought to about pH 5-6 with hydrochloric acid and the 
vanillin extracted with three small portions of ethyl ether. The ethereal 
solution was evaporated under a stream of nitrogen in a small vacuum sub- 
limation chamber, and the residue was sublimed at 1-2 mm. Hg at the tempera- 
ture of boiling carbon tetrachloride. The slightly yellow sublimate was rinsed 
off with absolute ethanol, weighed, and a known amount of pure non-radio- 
active vanillin was added as carrier. This diluted vanillin was resublimed 
under the same conditions, yielding a colorless crystalline product. 

The m-nitrobenzoylhydrazone of syringaldehyde was similarly degraded, 
except that for some reason better recoveries were obtained when a more 
‘ dilute mercuric chloride solution (0.2 M) was used. The recovered syringal- 
dehyde was sublimed at the temperature of boiling water. 

The regenerated aldehydes were further degraded by the Dakin reaction (9) 
to isolate the carbonyl carbon. The purified vanillin (109 mgm.) was dis- 
solved in 3.6 ml. of 0.2 N sodium hydroxide, and to this solution was added 
0.81 ml. of 3.0% hydrogen peroxide, the exact concentration of which was 
determined iodometrically just before use. After 0.5 hr. the red solution was 
passed through a column made up of 2 gm. of charcoal (Darco G-60) and 2 
gm. of diatomaceous earth (Celite 535), to remove the phenolic reaction 
product, and the column was washed with 50 ml. of water. Syringaldehyde 
was degraded in the same way, using stoichometric amounts of alkali and 
peroxide. In each case the formic acid in the colorless eluate, representing 
the carbonyl carbon, was oxidized to carbon dioxide (5) for measurement of 
the C'-content. 


Measurement of Radioactivity 

The 2,4-dinitrophenylhydrazones were counted in thin layers on aluminum 
disks using a gas flow counter and the counts corrected to infinite thinness 
from a self-absorption curve. All other C'! determinations were done in a 
gas phase counter (8) on carbon dioxide from the chemical combustion of the 
organic compounds, or from acidification of barium carbonate samples. The 
radioactivity was calculated as microcuries by reference to a carbon-14 
standard (7). 


Results and Discussion 


In the present series of experiments we have measured the specific radio- 
activity of the administered compound (a) and that of the isolated and 
purified phenolic aldehyde (+) from lignin. The quotient (a/b) thus is a 
measure of the carbon-14 dilution which occurs in the over-all process of lignin 
formation from the compound in question. Three assumptions are made in 
the use of this criterion of efficiency for various precursors. First it is assumed 
that at each stage in the reaction series leading to lignin some dilution of the 
radioactive compound occurs in metabolic pools of undetermined size; there- 
fore, the greater number of reactions an administered precursor must undergo, 
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the greater will be the dilution. Second, it is assumed that there are fewer 
competing reactions for a compound which is closer to lignin in the reaction 
series than there are for precursors further back in the chain. Third, the total 
dilution of a given administered compound, including that by preformed 
lignin, is assumed to be approximately the same in plants of the same species 
grown at the same time under similar conditions. Taking the above assump- 
tions as valid, a small dilution of the carbon-14 during conversion of an 
administered compound to lignin indicates that it can serve as a relatively 
close lignin precursor. As an insufficient number of replicates have been used 
to enable statistical treatment of the data, only large differences in dilutions 
have been taken as significant. 


In Table I, eight Cs, C: compounds have been compared with L-phenyl- 
alanine. In general, it can be concluded from these data that this class of 
substance is not an efficient lignin precursor in wheat. Vanillin is a possible 
exception as a precursor of the guaiacyl and syringyl residues of lignin, as the 
dilutions here are, respectively, only about 3.5 and 5 times those of phenyl- 
alanine. Despite exhaustive extraction of the ground plant material with an 
ethanol—benzene mixture the possibility remains that some administered 
vanillin-C' was carried over, in closely adsorbed form, into the nitrobenzene 
oxidation. The relatively low dilution of the syringaldehyde from the vanillin- 
treated plants, though, eliminates this possibility as a major factor, and 
implies that considerable conversion to lignin has, in reality, occurred. 
Especially low transformation to all three lignin residues was exhibited by 
trimethylgallic acid; benzoic, anisic, and syringic acids were also converted 
to lignin very inefficiently. p-Hydroxybenzoic acid, however, appears com- 
parable to vanillin in the degree of its transformation to the guaiacy]l residue. 
The differences in the dilution of phenylalanine between the two lots of plants, 
both here and in the next table, can be explained by differing ratios of pre- 
formed lignin to the lignin synthesized during the experiment. 

Table II shows the dilutions of carbon-14 during the conversion to’ wheat 
lignin of six Cs, C; compounds, including the phenylalanine standard. Aceta- 
minocinnamic acid is obviously not a precursor of lignin. This compound is 
not believed to occur naturally, but was fed to check the possibility of its 
hydrolysis to phenylpyruvic acid in vivo. Blocking of the 2-carbon in this 
case apparently prevents it from entering the biosynthetic pathway. This is 
in accord with the finding of Freudenberg et al. (16) that in their three dimeric 
“secondary building stones’’ this carbon is involved in the intermolecular 
linkage. Phenylalanine and cinnamic acid were relatively good precursors of 
all three lignin residues, and tyrosine of the two which were determined. It 
appears very probable that there is a high degree of interconvertibility 
among these three compounds in the metabolic pool, and that by suitable 
modifications of the substituents they can all serve as precursors of all three 
forms of lignin monomer. 

Ferulic acid (II) is evidently a very close precursor of the guaiacyl residue 
of lignin. This is not unexpected in view of Freudenberg’s findings, as it is 
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possible that ferulic acid may undergo a direct enzymatic reduction to coniferyl 
alcohol (1). It appears, also, that ferulic acid is reversibly convertible, to 
some extent, to other Cs, C; compounds which are precursors of the other 
residues, as the latter possessed measurable radioactivity. This effect is 
probably unimportant. The effectiveness with which ferulic acid is trans- 
formed to the guaiacyl part of lignin, to the exclusion of the other two residues, 
strongly suggests that substitution of the aromatic ring takes place before 
polymerization. This means that each type of lignin polymer has a corre- 
sponding monomer. 

The role of phenylpyruvic acid in the metabolism of Cs, C; compounds 
remains obscure. The high efficiency of shikimic acid (6) would suggest the 
participation in lignin biosynthesis of a reaction series analogous to that out- 
lined in the Introduction. Phenylpyruvic acid, being an intermediate in this 
scheme, should have given a dilution approximating those of phenylalanine 
and shikimic acid, but in reality it was of the order of five times as great. 
Nevertheless, a suggestion that phenylpyruvic acid and phenylalanine are 
related precursors is obtained from the similarity of the distribution ratio of 
carbon-14 among the three lignin residues (Table II). An analogous result 
has been observed for phenylalanine and shikrmic acid (6). Phenylpyruvic 
acid is a labile compound which decarboxylates spontaneously above pH 7, 
and it is possible that much of the amount administered is destroyed before 
it can enter the Cs, C; pool. Thus we cannot conclude at present that it is 
not directly involved in the biosynthetic pathway. 

It is also possible that permeability may play a part in reducing the effec- 
tiveness of phenylpyruvic acid, although this is purely conjecture. As the site 
of lignin formation relative to the cell is not definitely known, no unequivocal 
conclusion can be reached about the effect of permeability in this type of 
experiment. Radioautographs of plants fed equal quantities of carbon-14 in 
phenylalanine and benzoic acid have revealed no gross differences in the 
distribution of radioactivity within the plants. However, differences in the 
permeability of the cell membrane to phenylpyruvic acid and phenylalanine 
conceivably could have retarded the rate at which the former reached the site 
of action of the enzyme mediating its conversion to the next compound in 
the biosynthetic pathway. This might account for the lower observed effi- 
ciency of phenylpyruvic acid as a lignin precursor, as well as for some of the 
small differences noted in other experiments. 


In assessing the directness with which any precursor is converted to lignin, 
it is important to know whether appreciable randomization of the carbon-14 
in the administered compound has occurred during the process. When one 
uses a precursor labelled in the side chain carbon adjacent to the ring, this 
question can be answered by determining whether all the carbon-14 in the 
isolated phenolic aldehydes remains localized in the carbonyl carbon. This 
has been done in the case of wheat plants fed cinnamic acid-8-C™. Vanillin 
and syringaldehyde isolated from these plants were degraded by the Dakin 
reaction, which converts the carbonyl] carbon to formic acid; this was oxidized 
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to carbon dioxide and its specific activity determined. This was compared 
on a molar basis, in each case, with that of the original aldehyde. For syring- 
aldehyde the recovery was 102%, but for vanillin only 87%. However, the 
specific activity of carbon dioxide from specifically carbonyl-labelled vanillin 
(a synthetic sample) was but 89% of that of the vanillin; this dilution may 
possibly be caused by partial oxidation of the methoxyl group, which for some 
reason is suppressed with syringaldehyde. When this correction is applied, 
it is clear that the vanillin sample from lignin had over 98% of its carbon-14 
in the carbonyl, and was comparable in this respect to syringaldehyde. It is 
thus definitely established that the benzene ring and at least the adjacent 
side chain carbon of cinnamic acid are incorporated intact into both the 
guaiacyl and syringyl residues of lignin, and it is suggested that this is also 
the case for other efficient precursors. 

The results obtained in the experiments with wheat raised the question of 
the existence in other species of the same general lignification pattern. The 
efficiencies of three of the labelled compounds: phenylalanine, tyrosine, and 
protocatechuic acid, were tested on the three woody dicotyledons previously 
mentioned. The results are presented in Table III. Although the relation 
between phenylalanine and protocatechuic acid is similar to that observed in 
wheat, a striking difference was found with tyrosine, which in these species is 
a much poorer lignin precursor than protocatechuic acid. It is of interest to 
note that Siegel (29) using Alaska pea, a dicotyledon, was unable to demon- 
strate synthesis of a lignin-like polymer from tyrosine. It is quite possible 
that species differences may be the explanation of other discrepancies between 
our work and Siegel’s in the case of cinnamic acid (28) and vanillin (29). The 
question of species differences in the utilization of lignin precursors is being 
further investigated in this laboratory. 

In summary, it is possible on the basis of present evidence to offer a tentative 
scheme through which non-aromatic metabolites fed to wheat can be converted 
to lignin; this is illustrated diagrammatically in Fig. 1. It is necessarily incom- 
plete, and further research will lead to additions, and probably some modifica- 
tion. Phenylpyruvic acid has been shown outside the pool of readily inter- 
convertible Cs, C; metabolites for the present, although as mentioned above 
its function is still uncertain. By analogy to the pathway involving ferulic 
acid it can be inferred that the synthetic route between the Cs, C; pool and 
“syringyl lignin” likely proceeds by way of sinapic acid. Both this compound 
and ferulic acid have recently been reported by Bate-Smith (2) to have wide- 
spread occurrence among monocotyledons. The possible function of sinapic 
acid is receiving further study. The above ideas must be considered applicable 
to wheat only, for it is probable that other species exhibit important differences 
in the lignification process. 


The fair efficiency of both p-hydroxybenzoic acid and vanillin as precursors 
of part of the lignin structure requires further investigation. The former may 
be to some extent convertible to shikimic acid by reversal of a reaction similar 
to that reported by Davis (10) to occur in E. coli. It would appear, however, 
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Fic. 1. Possible routes of lignin formation in wheat. 


that for the present the question of a secondary biosynthetic pathway to lignin 
must remain open. Such a reaction series might involve condensation of a 
C,, C: compound with some two-carbon fragment after aromatization, but the 
mechanism remains completely speculative. 


Acknowledgments 


The authors wish to thank Mr. John Dyck for performing the carbon-14 
analyses, and the Biology and Soils Departments of the University of Saskat- 
chewan which provided greenhouse accommodation during some of these 
experiments. 


References 
1. Barton, G. M., Evans, R. S., and GARDNER, J. A. F. Nature, 170: 249. 1952. 
2. Bate-SmitH, E. C. Chemistry & Industry, 1457. 1954. 
3. BoGert, M. T. and Coyne, B. B. J. Am. Chem. Soc. 51: 569. 1929. 
4. Brauns, F. E. The chemistry of lignin. Academic Press, Inc., New York. 1952. 
5. Brown, S. A. and Netsn, A. C. Can. J. Biochem. Physiol. 32: 170. 1954. 
6. Brown, S. A. and Netsu, A.C. Nature, 175: 688. 1955. 
7. Brown, S. A., TANNER, K. G., and Stone, J. E. Can. J. Chem. 31: 755. 1953. 
8. BucHANaNn, D. L. and Nakao, A. J. Am. Chem. Soc. 74: 2389. 1952. 
9. Dakin, H. D. Am. Chem. J. 42: 477. 1909. 
10. Davis, B. D. Nature, 166: 1120. 1950. 
11. Extis, C. and Swaney, M. W. Soilless growth of plants. 2nd ed. Revised and enlarged 
by Eastwood, T. Reinhold Publishing Corporation, New York. 1947. 
12. FREUDENBERG, K. Jn ZECHMEISTER, L. Progr. Chem. Org. Nat. Products, 11:43. 1954. 
13. FREUDENBERG, K. and BITTNER, F. Chem. Ber. 86: 155. 1953. 
14. FREUDENBERG, K. and HEIMBERGER, W. Chem. Ber. 83: 519. 1950. 








CANADIAN JOURNAL OF BIOCHEMISTRY AND PHYSIOLOGY. VOL. 33 
a 


. FREUDENBERG, K., REZNIK, H., BOESENBERG, H., and RASENACK, D. Chem. Ber. 85: 


641. 1952. 


. FREUDENBERG, K., SCHLUTER, H., and E1sENHUT, W. Naturwissenschaften, 41: 576. 


1954. 


. Hersst, R. M. and SHemin, D. Organic syntheses. Coll. Vol. 2. John Wiley & Sons, 


Inc., New York. 1946. p. 1. 


. Hersst, R. M. and SHEemiIn, D. Organic syntheses. Coll. Vol. 2. John Wiley & Sons, 


Inc., New York. 1946. p. 519. 


. Kriason, P. Svensk Kem. Tidskr. 9: 135. 1897. 

. Kratz_, K. and BILLeK, G. Holzforschung, 7: 66. 1953. 

. Mason, H. S. and Cronyn, M. J. Am. Chem. Soc. 77: 491. 1955. 

. Mirsunasat, S. and Davis, B. D. Biochim. et Biophys. Acta, 15: 268. 1954. 

. NetsH, A. C. Can. J. Research, B, 28: 535. 1950. 

. Norris, J. F. and KremKa, A. J. J. Am. Chem. Soc. 62: 1432. 1940. 

. PFEIFFER, P. and Lozewe, W. J. prakt. Chem. 147: 293. 1937. 

. Ret, J. C. and Jones, H. B. J. Biol. Chem. 174: 427. 1948. 

. SIEGEL, S. M. Physiol. Plantarum, 6: 134. 1953. 

. SIEGEL, S. M. Physiol. Plantarum, 7:41. 1954. 

. SIEGEL, S. M. Physiol. Plantarum, 8: 20. 1955. 

. STEPHEN, H. J. Chem. Soc. 1874. 1925. 

. STEPHEN, H. J. Chem. Soc. 2786. 1930. 

. STONE, J. E. Can. J. Chem. 31: 207. 1953. 

. STONE, J. E., BLUNDELL, M. J., and TANNER, K. G. Can. J. Chem. 29: 734. 1951. 
. Vorsatz, F. J. prakt. Chem. 145: 265. 1936. 

. WaceK, A., HARTEL, O., and MERALLA, S. Holzforschung, 7:58. 1953. 

. Wacek, A., HARTEL, O., and MERALLA, S. Holzforschung, 8:65. 1954. 

. Weiss, U., GitvarG, C., MinGcIoui, E. S., and Davis, B. D. Science, 119: 774. 1954. 





963 


STEREOSPECIFICITY IN THE ENZYMATIC HYDROLYSIS OF 
TABUN AND ACETYL-6-METHYLCHOLINE CHLORIDE! 


By F. C. G. HoskIN AND G. S. TrICK 


Abstract 


The hydrolysis of the powerful cholinesterase inhibitor, tabun, at pH 7 to 
7.5 by a rat serum enzyme in bicarbonate buffer involves two simultaneous 
first-order reactions. A fast, enzyme-catalyzed reaction destroys the toxic 
dextrorotatory isomer of tabun. The much slower hydrolysis of the levorotatory 
and apparently non-toxic isomer is probably a non-enzymatic reaction. The 
enzymatic hydrolysis of acetyl-dl-8-methylcholine chloride by a rat brain 
homogenate has been studied as a model reaction. Only one-half of the racemic 
compound is hydrolyzed in contrast to the complete hydrolysis of acetylcholine 
chloride by the same enzyme source. These results and the results of toxicity 
studies on the hydrolyzing solution indicate that true cholinesterase hydrolyzes 
only the dextrorotatory isomer of acetyl-d/-8-methylcholine chloride. 


Introduction 


Although a consideration of structural formulas indicates the possibility of 
optical isomers for many organic compounds containing Group 5) elements (15), 
there is relatively little experimental evidence for their existence. Mann 
and co-workers (6, 9) have reviewed the several attempts at resolutions or 
optically active syntheses of such compounds. They also described their own 
syntheses of optically active salts containing asymmetric, pentavalent phos- 
phorus and, more appropriate to the present work, the synthesis of an optically 
active compound containing the P———-—sS linkage. 

Many organophosphorus compounds have received special attention as 
‘irreversible’ cholinesterase inhibitors. Several, among them ethyl N,N- 
dimethylphosphoramidocvanidate (tabun), 


O 
a 
> N am — OC2H; 


should be capable of existing in two optically active forms. Recently Augus- 
tinsson (3) and Augustinsson and Heimbiirger (4,5) reported the hydrolysis of 
tabun by an enzyme which they termed ‘‘tabunase”’ or more generally, phos- 
phorylphosphatase. Their results indicated to us that evidence for the 
existence of two isomers of tabun might be found in two different rates of 
enzymatic hydrolysis in the one reaction. 

Therefore the work of Augustinsson and Heimbiirger has been reinvestigated 
with a view to demonstrating the stereospecificity of ‘“‘tabunase’’ which is 
probably one of the A-esterases (1, 2). 

In conjunction with this work and with the enzymatic hydrolysis of isopropyl 
methylphosphonofluoridate (sarin) (11), the enzymatic hydrolysis of acetyl-dl- 

1 Manuscript received April 21, 1955 
Contribution from the Phystology and Chemistry Sections, Defence Research Board, 


Suffield Experimental Station, Ralston, Alberta. Presenied to the Royal Society of Canada at 
Toronto, June 7, 1955. 
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B-methylcholine chloride was studied as a model reaction. Glick (8) had 
previously found that, using the two optical isomers synthesized by Major 
and Bonnett (14), horse serum cholinesterase, although poor in “‘true’’ cholin- 
esterase, hydrolyzed only acetyl-d-8-methylcholine chloride. 

In many publications conclusions have been drawn concerning the nature 
of the cholinesterases without reference to this important observation of 
Glick’s. There is reason to believe that acetyl-d-8-methylcholine chloride 
should be the universally used substrate rather than the racemic mixture. 


Materials 


Freshly distilled tabun (72° C., 8 mm. Hg (10)) was dissolved in distilled 
‘water immediately before its use. Acetyl-8-methylcholine chloride (Merck's 
mecholyl chloride) and acetyl choline chloride (Nutritional Biochemicals) 
were freshly dissolved in distilled water. 

The pooled serum from 20 adult male Wistar rats whose cholinesterase had 
been almost completely inhibited in vivo by the intraperitoneal administration 
of about 0.25 mgm./kgm. of tabun per rat provided the source of phosphoryl- 
phosphatase. Dilutions were made with 0.85% saline solution. 

The ‘‘true’’ cholinesterase was prepared in the following manner: brains 
from seven or more freshly killed untreated adult male Wistar rats were 
pooled, washed several times in physiological saline and once in distilled 
water, drained, blotted dry, and weighed. The brains were ground in a glass 
and Teflon homogenizer with distilled water and enough 8.5% saline solution 
was added to bring the aqueous solution to approximately isotonic strength. 
At the end of this operation, 1 ml. of aqueous solution had been added for 
each gram of fresh brain. 


Methods 


The hydrolysis of tabun was followed manometrically in the Warburg 
apparatus at 38° C. + 0.1°. For enzymatic hydrolysis, the main compartment 
of the reaction vessel contained 4.0 ml. of 0.025 M sodium bicarbonate and 
0.5 ml. of the serum solution (2 ml. of serum made up to a volume of 5 ml.). 
The side arm contained 0.5 ml. of 0.05 M tabun (hence 0.005 M after tip- 
ping). For non-enzymatic hydrolysis, 0.5 ml. of 0.85% saline was used 
instead of the serum. The gas phase was 95% nitrogen: 5% carbon dioxide. 
Determinations were made in triplicate. 

The enzymatic hydrolysis was repeated at the same concentration and at 
regular intervals in the course of the hydrolysis 0.75 ml. of the reaction 
mixture was removed and injected intraperitoneally into 10 mice (0.075 ml. 
per mouse). 

The enzymatic hydrolysis was repeated at a 10-fold higher concentration 
of tabun, using undiluted serum and 0.1 M bicarbonate buffer. Although the 
gas evolution was too rapid to permit accuracy, the results indicated that the 
reaction proceeded at about the expected rate. Hence, this reaction was 
repeated in larger volume and the optical rotation of the mixture was 
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determined from time to time using a 4 dm. tube in a Hilger Mk III 
polarimeter with sodium light. 

The hydrolysis of both mecholyl chloride and acetylcholine chloride was 
followed manometrically in the Warburg apparatus at 38° C. + 0.1°. When 
reaction vessels with one side arm were used, the main compartment contained 
4.0 ml. of 0.025 M sodium bicarbonate in equilibrium with 95% nitrogen: 
5% carbon dioxide and 0.5 ml. of the enzyme preparation, while the side 
arm contained 0.5 ml. of the substrate solution. When reaction vessels with 
two side arms were used, the main compartment contained 3.5 ml. of the 
bicarbonate solution and 0.5 ml. of the enzyme preparation, the one side arm 
contained the substrate as before, and the second side arm contained 0.5 ml. 
of either a second portion of the enzyme or a second portion of the substrate. 
The gas phase was 95% nitrogen: 5% carbon dioxide. Spontaneous aqueous 
hydrolysis was found to be undetectable over the longest period of observation, 
and accordingly, controls were not employed. 

For the toxicity tests, using mecholyl chloride, all mice were injected 
dorsally and subcutaneously. The number of animals dead was recorded 24 
hr. after injection. 


Results 


The results of the enzymatic and non-enzymatic hydrolysis of tabun are 
shown in Fig. 1. 


enz.-tox. 
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& 8g 

O 12) 
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40 80 120 160 
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Fic. 1. The enzymatic and non-enzymatic hydrolysis of tabun in the presence of a 
bicarbonate buffer, 38° C. + 0.1°, pH 7-7.5. The six points labelled ‘‘enz.-tox.’’ repre- 
sent the expected evolution of carbon dioxide calculated from the disappearance of the 
toxicity of tabun (see text). 
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From the toxicity experiments performed on mice it was possible, by 
determining the initial toxicity of tabun (13), to estimate the concentration of 
tabun remaining in the reaction vessel and the amount which had been 
destroyed up to that time. Since each mole of tabun produced 1 mole of 
carbon dioxide from the bicarbonate buffer (5), the amount of tabun apparently 
destroyed was converted to carbon dioxide, corrected for temperature, and 
these gas volumes were superimposed on Fig. 1. 


TABLE I 
OPTICAL ROTATION OF TABUN DURING ENZYMATIC HYDROLYSIS 


(Two experiments) 











Time, min. Reading, degrees Time, min. Reading, degrees 
0 358.74 + 0.03 0 358.84 + 0.04 

25 358.54 + 0.02 25 358.79 + 0.05 

50 358.42 + 0.07 50 358.74 + 0.03 

75 358.53 + 0.06 75 358.56 + 0.07 
180 358.62 + 0.03 100 358.64 + 0.06 
150 ~ 358.69 + 0.04 

190 358.74 + 0.05 





The results of two separate polarimetric determinations using tabun are 
recorded in Table I. The changes in observed rotation are of the order of 
those reported by Mann and co-workers (6, 9) under somewhat similar 
circumstances. The data were subjected to an analysis of variance by 
Fisher’s ‘‘F’’ test. For both experiments, the change of optical rotation with 
time was found to be highly significant, i.e. probability << 1%. 

The enzymatic hydrolysis of mecholyl chloride (0.05 M in the side arm, 
0.005 M after tipping) is shown by Curve (A) of Fig. 2. Curve (B) shows 
the enzymatic hydrolysis of acetylcholine chloride of the same molar con- 
centration. 

In order to obtain Curve (C), a reaction vessel having two side arms was 
used and 0.5 ml. of the enzyme preparation was placed in the second side 
arm (i.e., in addition to the 0.5 ml. in the main compartment). At zero time 
the mecholyl chloride (0.05 M in the side arm) was tipped in from one side 
arm, but the side arm was not rinsed. After 60 min., when the reaction was 
complete, the enzyme preparation contained in the second side arm was tipped 
in and both side arms were rinsed out into the main compartment. Curve (C) 
shows that, after a momentary evolution of gas, the reaction again ceased. 

In order to obtain Curve (D), 0.5 ml. of the mecholy! chloride solution was 
placed in the second side arm (i.e., in addition to the 0.5 ml. in the first side 
arm). At zero time the mecholyl chloride (0.05 M in the side arm) was 
tipped in from one side arm, but the side arm was not rinsed. After 60 min., 
when the reaction was complete, the second portion of mecholyl chloride 
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Fic. 2. The enzymatic hydrolysis of two choline esters in the presence of a bicarbonate 


buffer, 38° C. + 0.1°, pH 7-7.5. A, @————e, acetyl-8-methylcholine chloride; 
B, o———— oO, acetylcholine chloride at the same concentration; C, a——-——a, the 
addition of a second portion of enzyme to acetyl-8-methylcholine chloride; D, x—x, 


the addition of a second portion of acetyl-8-methylcholine chloride. 


(0.05 M in the side arm) contained in the second side arm was tipped in, and 
both side arms were rinsed out into the main compartment. Curve (D) shows 
that this time the reaction continued until again as much gas had been evolved 
as in the first 60 min. and as much altogether as the single 0.5 ml. portion of 
acetylcholine chloride had produced in Curve (B). 

Toxicity tests somewhat analogous to those using tabun were performed 
using mecholyl chloride. The subcutaneous toxicity (LDs0) of unhydrolyzed 
mecholyl chloride toward mice was found to be approximately 50 mgm./kgm. 
All mice injected at a dosage of 24 mgm./kgm., or higher, convulsed. How- 
ever, when the enzymatic hydrolysis reaction had come to completion, i.e., 
when one-half of the mecholyl chloride had been hydrolyzed, the reaction 
mixture was found to be non-toxic and non-convulsant at dosages which 
would have been 160 mgm./kgm. before hydrolysis. That is to say, of the 
mecholy! chloride remaining after the enzymatic hydrolysis reaction had come 
to completion, dosages of 80 mgm./kgm. were non-toxic and non-convulsant. 
These results indicate that the toxic and convulsant isomer of mecholyl 
chloride was completely enzymatically hydrolyzed whereas the non-toxic and 
non-convulsant form remained unhydrolyzed. 


Discussion 


When the gas evolution data shown in Fig. 1 are plotted in a manner such 
that the ordinate is proportional to the logarithm of the percentage of tabun 
remaining unhydrolyzed, lines (a) and (b) shown in Fig. 3 are obtained. 
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Fic. 3. A logarithmic plot of the enzymatic and non-enzymatic hydrolysis of tabun. 
The ordinate, log (a-x), is proportional to the logarithm of the percentage of tabun 
remaining unhydrolyzed at any given time; (a) non-enzymatic hydrolysis; (b) enzymatic 
hydrolysis; (c) an extrapolation of line (b) to the ordinate necessary to estimate the 
reaction constant A, and to obtain (d) the line necessary to estimate the reaction con- 
stant Ka. 


The abnormally large gas evolution during the first five minutes of both the 
enzymatic and the non-enzymatic hydrolyses is due to an appreciable decom- 
position of the tabun in water before the addition of the tabun solution to the 
bicarbonate buffer. 

Line (a), Fig. 3, indicates that the non-enzymatic hydrolysis of tabun is 
approximately a first-order reaction, K = 0.2 hr.-'. The curved line (0d) 
following the course of the enzymatic hydrolysis indicates that in this case 
there are at least two simultaneous first-order reactions. This curve has been 
resolved graphically (see, e.g., (7)) into two first-order reactions for which 
reaction constants Kg = 2.36 hr. and K,; = 0.0414 hr.-! have been found. 
This notation is justified by the observed changes in optical rotation shown 
in Table I. These results indicate that the dextrorotatory form of tabun is 
the more rapidly enzymatically hydrolyzed, and that the specific rotations 
(@)p, of the d- and /-forms are probably about 18° in the appropriate direc- 
tion. No experimentally demonstrable explanation has been found for the 
approximately fivefold difference between the reaction constant for the non- 
enzymatic hydrolysis and that for the slow reaction observed during the 
enzymatic hydrolysis. 

Figs. 1 and 3 show that when the fast reaction has come to virtual comple- 
tion about one-half (320 mm.*) of the theoretical yield of gas has been realized. 
Furthermore, the points shown in Fig. 1 which were obtained from the toxicity 
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tests indicate that the tabun is apparently being destroyed twice as fast, when 
judged by the disappearance of toxicity, as when judged by the evolution of 
carbon dioxide. These two observations lead to the conclusion that only the 
dextrorotatory and toxic isomer of tabun is rapidly hydrolyzed by rat serum 
phosphorylphosphatase. 

The gas evolution data plotted in Fig. 1 show a resemblance to Curve (A) 
of Fig. 2 wherein mecholyl chloride was the substrate. The non-enzymatic 
hydrolysis of tabun was too rapid to permit experiments to be performed 
which would be analogous to Curves (C) and (D) of Fig. 2. 

The results shown by this model reaction in Fig. 2 in conjunction with the 
toxicity data obtained using mecholyl chloride lead to the conclusion similar 
to that reached by Glick (8) following the work of Major and Bonnett (14), 
namely, that only acetyl-d-B-methylcholine chloride of the racemic mixture 
is hydrolyzed by rat brain “‘true’’ cholinesterase. 


Summary 


The hydrolysis of tabun in bicarbonate buffer at pH 7 to 7.5 in the presence 
of rat serum is most readily interpreted on the basis of the stereospecificity 
of the hydrolyzing enzyme with respect to the substrate (tabun) and of 
cholinesterase with respect to the inhibitor (again tabun). This latter inter- 
pretation depends upon the direct relationship between toxicity and cholin- 
esterase inhibiting power of tabun (see, e.g., (12)). The stereospecificity of 
cholinesterase with respect to substrate has been previously demonstrated (8) 
and is shown here anew as a model reaction. 


References 


ALDRIDGE, W. N. Biochem. J. 53: 117. 1953. 

. ALDRIDGE, W. N. Biochem. J. 57: 692. 1954. 

AuGusTINSSON, K.-B. Biochim. et Biophys. Acta, 13: 303. 1954. 

. AuGusTINSSON, K.-B. and HEIMBURGER, G. Acta Chem. Scand. 8: 753. 1954. 
. AuGusTINSSON, K.-B. and HEIMBURGER, G. Acta Chem. Scand. 8: 762. 1954. 
. Davies, W. C. and Mann, F. G. J. Chem. Soc. 276. 1944. 


. FRIEDLANDER, G. and KENNEDY, J. W. Introduction to radiochemistry. John Wiley & 
Sons, Inc., New York. 1949.  p. 108. 


8. Grick, D. J. Biol. Chem. 125: 729. 1938. 
9. HOLLIMAN, F. G. and MAnn, F. G. J. Chem. Soc. 1634. 1947. 
10. Hotmstept, B. Acta Physiol. Scand. 25: Suppl. 90. 1951. 


11. Hoskin, F. C. G. Presented to the Western Regional Group, Div. of Med. Research, 
National Research Council Can. at Edmonton February 17, 1955. 


12. Larsson, L. Acta Chem. Scand. 7: 306. 1953. 
13. LitcHFIELD, J. T. and Wi.coxon, F. J. Pharmacol. Exptl. Therap. 96:99. 1949. 
14. Major, R. T. and Bonnett, H. T. J. Am. Chem. Soc. 57: 2125. 1935. 


15. WeLts, A. F. Structural inorganic chemistry. The Clarendon Press, Oxford. 1945. 
Chap. XII. 


IAMS WH 








970 


ON BODY FAT AND BODY WATER IN RATS! 
By Louts-MARIE BABINEAU AND EDOUARD PAGE 


Abstract 


Under our experimental conditions, water represented 72% of the fat-free 
body mass. This constant was found to be completely independent of the 
magnitude of the fat depots. Consideration of the composition of various 
samples of adipose tissue suggests that the water to fat-free dry matter ratio is 
the same as in the body as a whole or that any ‘‘excess’’ water contributed by 
adipose tissue is so small in absolute amounts as to leave the global ratio essenti- 
ally undisturbed. Rats exposed to cold had to draw on their fat stores during 
the first month of exposure but later replenished their energy reserves. The 
water to fat-free dry matter ratio was not affected. 


Introduction 


Several studies on animals, notably those of Pace and Rathbun (4), have 
shown that water constitutes a remarkably constant proportion of the fat-free 
body mass. On the basis of their data on eviscerated guinea pigs and of those 
of other workers, these authors arrived at a k value of 0.732, i.e., the water 
content is equal to 73.2% of the fat-free body weight. This constant has 
been applied to the estimation of body composition in man through the 
indirect determination of total body water. The rationale of this procedure 
has been exhaustively discussed by Keys and Brozek in their review article 
on Body Fat in Adult Man (2). The chief criticism made is that water con- 
centration in the fat-free body is not independent of body fat since any 
accretion in adipose tissue leads as well to the addition of water to the fat-free 
body; in other words, the k value must increase concomitantly with fat 
content. In support of this view, the authors have further analyzed the data 
of Pace and Rathbun and point to a coefficient of correlation of +0.45 between 
total body fat and the percentage of water of the fat-free body weight. 

The present study was undertaken with a view to defining more precisely 
the relation existing between body fat and body water. At the same time, a 
comparison was made of the body composition of rats adapted to cold and of 
others kept at room temperature. We had found previously that the water 
content on a fat-free basis was not affected by cold although there was a 
significant modification of the regression coefficient defining this relation (5). 
No definite conclusion was drawn at the time pending a repetition of the work 
with some modifications of our analytical procedure. 


Experimental 


Adult male albino rats of the Wistar strain were used. They were divided 
into four groups of 30 rats having initially the same average body weight. 
One group was sacrificed immediately and a second one which was kept at 
room temperature was killed on the 21st and 22nd day of the experimental 

1 Manuscript received July 12, 1955. 
Contribution from the Département de Physiologie de la Nutrition, Université Laval, 


Québec, and the Département de Biologie, Université de Montréal, Montréal, Québec, with financial 
assistance from the Defence Research Board of Canada (Grant No. DRB 8865-01). 
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period. The two other groups were placed in the cold room (+11° C.) and 
these were killed on the 3ist and 32nd and on the 57th and 58th day, respec- 
tively. Their diet was as follows: casein, 20; hydrogenated vegetable oil 
(Crisco), 8; wheat germ oil, 2; mineral salts, 5; cellulose (Cellu-flour), 2; and 
sucrose, 63 grams. The water-soluble vitamins were admixed with the cellu- 
lose and a supplement of vitamins A and D was given per os twice weekly. 
The composition of the vitamin supplements has been given previously (5). 


The animals were killed by ether anesthesia and weighed to the nearest 
1/10th of a gram on a large precision scale having a sensitivity of 0.2 mgm. 
The abdomen was opened and the whole digestive tract quickly stripped and 
removed. It was immediately placed in a weighing bottle which was then 
covered and weighed. The fresh body weight was taken to be that of the 
intact animal less the digestive tract and its content. In this way evaporative 
water losses from the open abdominal cavity did not come into account. It 
may also be seen from Table I that the intestinal content thus discarded may 
represent a fairly large and variable fraction of the fresh body weight. 

The carcasses were kept at —30° C. until analysis. They were minced in a 
meat grinder and placed in a large beaker which was then filled with absolute 
alcohol and left overnight at room temperature. On the following day, the 
partly defatted tissues were transferred to large Soxhlet extraction thimbles, 
the alcohol filtering directly into the flasks of the extractors. Following eight 
hours of extraction with boiling alcohol, a further extraction of similar duration 
was carried out with ethyl ether. The extracts were then distilled to dryness 
in vacuo, a benzene—alcohol mixture being added when necessary to drive off 
any residual water. The lipids were taken up in petroleum ether (Skellysolve 
B); the solution was transferred to a volumetric flask and total lipids deter- 
mined gravimetrically on suitable aliquots. For the determination of non-fat 
dry matter, the Soxhlet thimbles (which had previously been weighed empty) 
were dried overnight at 60° C. to expel all traces of solvents, placed in a 
desiccator and then weighed. All the petroleum-ether-insoluble residues were 
also collected and dried. This ‘‘air-dry weight’’ was used for the purpose of 
comparison between the four groups of rats: body water was taken to be 
equal to the fresh body weight less total fat and fat-free dry matter. In the 
last group of rats sacrificed, the fat-free dry matter was submitted to an 
additional drying period of six hours at 130° C. (i.e. to constant weight). 
This exhaustive treatment removed a small quantity of residual water which 
amounted to one per cent of total body water. A detailed analysis of the 
water, fat, and non-fat dry matter interrelationships was restricted to this 
group. 

We also include in this paper some data from a previous experiment which 
was designed to study the effects of diet and environmental temperature on 
fat distribution. While the non-fat dry matter was measured at the time 
only the fat contents of the various tissues analyzed have been published (5). 
The experimental conditions and analytical procedures have been fully 
described and need no repetition. 
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Results and Discussion 

(a) Body Composition 

Table I shows the body composition of the four groups of rats at the time 
they were sacrificed. While the body weights of the intact animals are shown, 
the weights of the carcasses as analyzed give a truer picture of the changes 
taking place. It is seen that during the first month of exposure to cold (Group 
3), the rats gained 9.4 gm. of non-fat dry matter and lost an identical amount 
of fat, when compared to Group 1. Because of the higher water content of 
lean tissue these changes resulted in a net gain in body weight of 16 gm., 
although the caloric content of the carcass was decreased. The picture is 
‘ analogous to that obtained when rats treated with growth hormone are 
restricted in their food intake to that of a control Group (3). It is also noted 
that, although these animals (Group 3) weighed appreciably less than the 
controls killed one week earlier (Group 2), their active growth was the same 
on the basis of gains in non-fat dry matter. 


Finally, if one compares the two groups exposed to cold to the initial control 
group, it becomes apparent that, although gains in live body weight were 
twice as high during the second month of exposure to cold, gains in “active 
tissue’”’ during the latter period were only one seventh of that registered 
during the first month. These paradoxical findings illustrate the unreliability 
of live weight as an index of actual growth. In summary, the rats exposed to 
cold had to draw on their body reserves of energy during the first month of 
exposure but replenished their fat depots later. 


(b) Body Water and Fat-free Body Mass 


Table II shows the water contents expressed as percentage of the fat-free 
body weight as well as the regression coefficients defining the relation between 
these two variables. It is seen that on this basis, the water comprises between 
71.05 and 71.79 of the fat-free body weight and that none of the regression 
coefficients differs significantly from the others. These values are similar to 
those already reported by us (5) for rats adapted to cold (71.35) and their 
controls (71.23). Moreover, the regression coefficients in the present experi- 
ment are entirely comparable to those of the cold adapted animals of our 
previous experiment (0.680). We are led to conclude that the regression 
coefficient found for the controls at that time (0.818) is not well founded and 
that adaptation to cold does not affect the water to fat-free body weight ratio. 

The above calculations are based on the air-dry weights of the non-fat dry 
matter. As mentioned earlier, this dry matter still contained traces of water 
so that while comparisons between groups remain valid, the actual water 
content is slightly higher. In the last group of rats, where the non-fat dry 
matter was completely desiccated, the water content rose from 71.37 to 
72.08% of the fat-free body weight. The latter value must therefore be 
considered as more representative, although the difference is small. 
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(c) The Influence of Fat on Total Body Water 

Equation (1) of Table III shows the water content (Y) which can be 
predicted from the partial regression coefficients for fat-free dry matter (X,) 
and total fat (X2). It is seen that the influence of fat is negligible and not 
statistically significant. It follows that one should be able to predict the 
water content from the fat-free dry matter alone. This has been done in 
Equation (2) and, as expected, the regression coefficient for X, does not differ 
significantly from that of Equation (1). These observations are illustrated 
graphically in Fig. 1 where the simple regression line of Equation (2) has been 
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Fic. 1. Prediction of total body water. Regression line: from fat-free dry matter only 
(Equation 2); A: from fat-free dry matter and fat (Equation 1); ©: experimental values. 
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plotted along with the individual experimental values for total body water 
and with those calculated from Equation (1). It may be seen that taking 
into account the fat content does not add to the accuracy of the prediction 
which is extremely close to experimentally determined values by either 
equation. 

Since, in practice, body composition is estimated from the determination 
of total body water in vivo, it was of interest to verify the degree of accuracy 
which is to be expected in the prediction of non-fat dry matter (Y ) from total 
body water (X ). The Equation (3) is shown in Table III and the relation is 
graphically represented in Fig. 2. From this equation a regression line was 
derived showing the relation between body water (in grams) and body water 
as a percentage of fat-free body weight. The percentages rise from 71.5 to 


TABLE III 


RELATIONSHIPS BETWEEN BODY WATER, FAT-FREE DRY MATTER, AND TOTAL FAT IN 
ONE GROUP OF 26 RATS 











Equation 1: Prediction of water (Y) from fat-free dry matter (X,) and total fat (X2). 
Y = 2.73 + 0.13 X,1 — 0.098 + 0.086 X2 — 5.57 

Equation 2: Prediction of water ( Y) from fat-free dry matter (X ) only. 
Y = 2.65 + 0.11 X — 5.50 

Equation 3: Prediction of fat-free dry matter (Y) from total body water (X ). 


Y = 0.361 + 0.016 X + 5.54 
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Fic. 2. Prediction of fat-free dry matter from total body water: regression line (Equa- 
tion 3); ©: experimental values. 








976 CANADIAN JOURNAL OF BIOCHEMISTRY AND PHYSIOLOGY. VOL. 33 


72.4 over the experimental range, i.e., from the smaller animals to the larger 
ones. The regression line is shown in Fig. 3 as well as the experimentally 
determined values for each animal. Above (or below) each of these points, 
the degree of fatness of each particular animal is also indicated. It is again 
clear that body fat does not influence the water to fat-free weight discernibly. 
In fact, the coefficient of correlation between total body fat and the per- 
centage of water in the fat-free body mass is —0.15. It is concluded that any 
close correlation between these two variables is purely coincidental. 
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Fic. 3. Body water in percentage of fat-free body mass. As predicted from Equation 
3: regression line; ©: experimental values; A: degree of fatness of the animals as deter- 
mined. 


(d) The Composition of Adipose Tissue 


The laying down of adipose tissue does not proceed without a concomitant 
deposition of non-fat cellular material and water. Whether or not a significant 
disturbance of the water to fat-free body weight (W/FF) ratio ensues, depends 
on the relative proportions of water and fat-free dry matter in the adipose 
tissue itself. If the ratio in that tissue is similar to that for the body as a 
whole or if the absolute amounts of water involved are relatively small, the 
global ratio will remain essentially unchanged. 

Table IV shows the body composition of two groups of rats fed a high and 
low fat ration, respectively; the high fat group (B) differs from the other (A) 
by its fat content almost exclusively. It follows that the composition of the 
body weight gain of the high fat group must be fairly representative of that 
of adipose tissue. It is seen that a 50% increase in total fat content did not 
disturb the W/FF ratio either in the whole animal or in any one of the three 
fractions analyzed. The composition of the weight increment (in grams) is 
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TABLE V 


COMPOSITION OF ADIPOSE TISSUE 











Perirenal Panniculus “Weight 
fat adiposus increment” 

Number of samples 69 39 (See Table IV) 
Average fresh weight, gm. 4.8 18.0 
Fat-free dry matter, % 2.4 1.8 4.1 
Water, % 10.3 18.6 13.6 

' Fat, % 87.6 73.9 82.3 
Cellular material, %* 5.8 20.8 11.4 
Extracellular water, % 6.6 5:3 6.3 
Water, % fat-free dry matter 83.1 ie 76.9 





*Assuming a water content of 64%. 


shown in the last column. It is expressed percéntagewise in Table V along 
with the composition of perirenal fat and of combined pelvian and scapular 
fat belts. 

The values for perirenal fat are similar to those reported by Pace and 
Rathbun (4). This tissue is nearly pure fat and its water and fat-free dry 
matter contents are extremely low. The panniculus adiposus included a not 
inconsiderable amount of fascia and it is interesting to note that the water- 
to-fat-free dry matter ratio is as low as that found in the body as a whole. 
The weights of the samples analyzed were much higher than in the case of 
the perirenal fat so that a more precise determination of the dry matter is to 
be expected. Should their composition approximate that of adipose tissue 
generally, then an explanation is at hand as to the lack of effect of fat deposi- 
tion on the W/FF ratio. It can also be demonstrated by a simple calculation 
that, although this ratio is high in perirenal fat, the amount of ‘‘excess’’ water 
involved is so small as not to affect materially the over-all ratio in a whole 
animal even where the body weight increased 50% by the deposition of adipose 
tissue of such composition. 

Calculations have been made of the probable distribution of water between 
the intra- and inter-cellular phases of those tissues. If one assumes that 
cellular water amounts to 70% of the non-fat cell material as suggested by 
Keys and Brozek, we obtain negative values for extracellular water in many 
individual samples of perirenal fat. By assuming an intracellular water con- 
tent of 64%, however, more reasonable and comparable values for extra- 
cellular water are obtained for our three sets of data (Table V). On this 
basis, the composition of the panniculus adiposus is close to that recently 
reported by Brozek and Keys (1) for adipose tissue in man, namely, 7% 
extracellular water, 22% ‘“‘cells’’, and 71% fat. 
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Conclusions 


1. Water represents a constant proportion of the fat-free body mass. 

2. This constant is not affected by the degree of adiposity of the animals. 

3. In physiologically normal animals, the non-fat dry matter can be pre- 
dicted from total body water with a high degree of accuracy. 

4. Adaptation to cold has no effect on the water to dry matter relationships. 
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THE DETERMINATION OF MUSTARD OILS IN RAPESEED 
MEAL! 


By LESLIE R. WETTER 


Abstract 


A modified method for the determination of mustard oils (isothiocyanates) 
in rapeseed meal is described. The reproducibility of duplicate analyses is 
good. A considerable variation in mustard oil content was found in the nine 
rapeseed meals tested. 


Introduction 


Astwood and coworkers (2) have demonstrated that the goitrogenic com- 
pound, L-5-vinyl-2-thiooxazolidone, is present in rapeseed meal. Matét and 
coworkers (8) suggest that mustard oils (isothiocyanates), which occur in 
rapeseed as the thioglucoside, are responsible for still other toxic effects. A 
number of methods have been described for the quantitative estimation of 
mustard oil in mustard seed; however there is reason to believe that these 
may not be reliable in the case of rapeseed meal. 

An excellent review of methods has been published recently by André (1). 
The most widely used is the argentimetric method (1, 11), in which the 
mustard oil reacts with ammonia forming a substituted thiourea. The latter 
decomposes in ammoniacal silver nitrate forming insoluble silver sulphide and 
a monosubstituted carbodiimide. The unreacted silver is then determined 
volumetrically by the Volhard method. Recently Kjaer and coworkers (7) 
have described an ultraviolet spectrophotometric method of analysis. All 
methods described above, except the iodometric assay (9), require that the 
mustard oil be isolated from the mash by steam distillation. 

This report deals with a modified method which has been designed for the 
estimation of mustard oils in rapeseed and rapeseed oil meal. The argenti- 
metric method has been employed for the analysis; the principal modification 
has been made in the treatment prior to steam distillation. 





Experimental 
Reagents 
Citrate buffer—0O.20 M citric acid solution adjusted to pH 4.0 with saturated 
NaOH. 


Alcohol—95% solution of ethanol. 

Silver nitrate—0.1000 N. 

Potassium thiocyanate—0.0100 N freshly prepared from a stock solution of 
0.1000 N. 

Ammonium hydroxide 

Nitric acid—6 N. 

Ferric ammonium sulphate 





10% solution. 





8% solution of FeNH,(SO,)2.12H,0. 


1 Manuscript received June 24, 1955. 
Contribution from the National Research Council of Canada, Prairie Regional Laboratory, 
Saskatoon, Sask. Issued as Paper No. 200 on the Uses of Plant Products and as N.R.C. No. 3723. 
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Apparatus 

The steam distillation is conducted in an all-glass unit. It consists of a 
500 ml. Erlenmeyer flask, supplied with a steam-inlet side tube, which is 
joined through a glass joint to an efficient water condenser. The outlet of 
the latter leads through a second glass joint to within 0.5 cm. of the bottom 
of a 125 ml. receiving flask. Rubber connections in the steam generator are 
kept to a minimum. The unit is well suited for this assay because both the 
enzymatic reaction and the distillation may be conducted in the same flask 
thus greatly reducing the loss of the volatile mustard oils. 


Material 

White mustard seed purchased from S. B. Penick and Co., New York, was 
used for the preparation of the crude enzyme, myrosinase. The seed was 
ground and extracted in a Soxhlet with Skellysolve F (b.p. 35°-58° C.). The 
fat-free powder was used as the crude enzyme preparation. 


The rapeseed meals were prepared by coarse grinding the seed, followed 
by extraction in a Soxhlet with Skellysolve F. The oil-free meals were finely 
ground in a ball mill. 

The allyl isothiocyanate used in this investigation was a practical grade 
purchased from Eastman-Kodak. 


Procedure 


The rapeseed meal (approximately 2 gm.) and 0.4 gm. of crude myrosinase 
are added to the 500 ml. Erlenmeyer flask, and the meal is thoroughly macer- 
ated with 100 ml. of citrate buffer. The flask is then tightly stoppered and 
shaken for three hours. The 125 ml. receiving flask, containing 10 ml. of 0.1 
N silver nitrate and 2.5 ml. of 10% ammonium hydroxide, is surrounded 
with an ice-water mixture to ensure rapid cooling. Ten milliliters of 95% 
ethyl alcohol is added to the sample and distillation is started immediately, 
using a strong flow of steam, until approximately 70 ml. of distillate is collected. 


After the distillation the receiving flask is fitted by means of a glass joint 
to an air reflux condenser (4 ft. in length) and the contents are heated for 
one-half hour in a boiling water bath. The material in the flask is then cooled, 
made up to a volume of 100 ml., and filtered through Whatman 44 filter paper. 
To 25 ml. aliquots of the filtrate, 1 ml. of 6 N nitric acid and 0.5 ml. of ferric 
ammonium sulphate are added. This mixture is then titrated to a faint 
salmon color with 0.0100 N potassium thiocyanate. The isothiocyanate 
content is based on oil-free, moisture-free meals and is calculated as allyl- 
carbinyl isothiocyanate (1 ml. of 0.1 XN silver nitrate = 0.005659 gm. of 
allylcarbinyl isothiocyanate). This calculation is based on results reported 
recently (3, 6) which show that the main component of mustard oil in rape- 
seed is allylcarbinyl isothiocyanate. 
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Results and Discussion 


Early in this investigation a great deal of difficulty was encountered in 
obtaining reproducible results. It was soon observed that the pH of the mask 
varied considerably from run to run. Since most enzyme reactions are 
optimal for quite narrow pH ranges, it was decided to investigate the pH 
optimum for the reaction. 

The pH optimum for this reaction was determined by employing citrate 
and phosphate buffers. The enzymatic reaction was conducted in these 
buffers and their effectiveness was checked by measuring the pH at the com- 
pletion of the maceration. The isothiocyanate* content was determined as 
outlined in the procedure. Optimum release of isothiocyanate occurred at a 
pH of 4 (Fig. 1). There is a slight decrease as the pH of the medium is increased 
and a marked reduction on the acid side of pH 4. The pH of the medium 
usually drops below 4.0 in samples where there is no pH control and this 
undoubtedly accounts for the poor duplication of results obtained earlier. 





mgm. of ISOTHIOCYANATE 
n 











°o ! 1 l 1 1 
3 4 5 6 7 
pH 


Fic. 1. The pH optimum curve for the release of isothiocyanate from rapeseed meals. 
© Polish and @— @ Argentine varieties. 





© 





An early report (10) suggests that the myrosinase isolated from white mustard 
seed is active over a wide range of H ion concentration and that no clearly 
defined optimum exists. Recently Ishimoto and Yamashina (5) have reported 
pH optima of 5.0 to 5.2 for enzyme preparations isolated from three plant 
sources. This is somewhat higher than the value of pH 4.0. 

The recovery of allyl isothiocyanate was investigated in several ways. 
First the compound was added to citrate buffer shaken for three hours, distilled, 
and estimated as described. A recovery of 94% was obtained regularly, 
indicating that the distillation was effective. The loss could be accounted 
for by the extreme volatility of the material as samples that were not shaken 
but distilled immediately gave results of 97%. When the allyl isothiocyanate 


*In this report “isothiocyanate” will refer to the mustard oils found in rapeseed meal which is 
mainly allylcarbinyl isothiocyanate. 
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was added to rapeseed meal and then assayed, the recoveries dropped from 
94% to approximately 80%. The reason for this is not known. Since allyl 
isothiocyanate reacts readily with a number of different compounds, it is 
conceivable that it reacted with materials found in the meal. This probably, 
in part at least, is the reason for the yields being low when allyl isothiocyanate 
is added to the meal. Allylcarbinyl isothiocyanate was not tested, as a pure 
sample of this compound was not available at the time this investigation was 
being made. 

To test the reproducibility of the method, duplicate determinations were 
conducted on nine different rapeseed samples. Each sample was divided 
into two portions and the order in which the duplicates were assayed was 
determined by using random numbers (4). The data summarized in Table I 
show that the reproducibility is very good. The isothiocyanate content of 
rapeseed varies considerably depending on its source and variety. 

An experiment was designed to test whether the enzymatic release of 
isothiocyanates was quantitative. The experiments were carried out either 


TABLE I 


THE ISOTHIOCYANATE CONTENT OF VARIOUS RAPESEED MEALS 











Variety Source* % Isothiocyanate** 
Polish Commercial 0.346 
0.348 
Argentine U. of A. 0.402 
0.396 
Argentine U. of A. 0.429 
0.423 
Argentine U. of A. 0.441 
0.443 
Argentine Commercial 0.460 
0.462 
Argentine U. of S. 0.493 
0.482 
Polish U. of S. 0.713 
0.725 
Turkish U. of A. 0.721 
0.722 
Turkish U. of A. 1.538 
1.559 


Standard deviation of mean duplicates = 0.0068 





*Commercial—Saskatchewan Wheat Pool, Vegetable Division, Saskatoon, Sask. 
U. of A.— University of Alberta from Dr. Zaltk. 
’. of S—University of Saskatchewan from Dr. White. 
**Calculated on a motsture-free and fat-free basis. 
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on 2- or 3-gm. samples of rapeseed meal. After distillation the mixture was 
cooled and a fresh charge of crude myrosinase was added. After another 
three-hour period of incubation the mixture was distilled and assayed. It 
was found that for three different meals the recovery varied from 88 to 93%. 

The investigation shows that the assay is not completely quantitative but 
the values that were determined for the various rapeseed meals are compar- 
able. Therefore it can be used as a reliable method for the assay of the 
mustard oil content of rapeseed. 
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THE EFFECT OF DIFFERENT DEGREES OF 
SUBDIAPHRAGMATIC AORTIC CONSTRICTION ON HEART 
WEIGHT AND BLOOD PRESSURE OF NORMAL 
AND HYPOPHYSECTOMIZED RATS! 


By MARGARET BEZNAK 


Abstract 


The aortae of groups of normal and hypophysectomized rats were constricted 
with rings of five different sizes (0.93, 0.83, 0.74, 0.71, and 0.63 mm. diameter). 
In normal rats constriction caused an increase in heart weight and blood pressure 
which was the greater the narrower the constriction. If constriction exceeded 
0.74 mm., cardiac hypertrophy reached extremely high values, while the blood 
pressure was lower than in groups with less constriction. The blood pressure 
response to Adrenalin or Infundin increased in proportion to the degree of 
constriction down to 0.74 mm.; greater constriction reduced the response. In 
hypophysectomized rats no degree of aortic constriction produced hypertension 
or cardiac hypertrophy, yet the increase in blood pressure after Adrenalin or 
Infundin was as great as in the normal intact rats. 


Introduction 


Aortic constriction causes an increase in heart weight in intact but not in 
hypophysectomized rats (6, 7); in the latter the blood pressure is low. This 
may be due to a lack of arteriolar tone in which case aortic constriction would 
not present the same load to the heart as it does in intact rats. It is, however, 
also possible that in the absence of the pituitary the heart cannot respond 
with hypertrophy and maintain an elevated blood pressure even if its load is 
increased. That renal hypertension does not develop or an already existing 
renal hypertension abates after hypophysectomy is known (9, 10). It is, 
however, uncertain if the absence of hypertension after hypophysectomy is 
because the causative substances are not produced, the sensitivity.of the 
cardiovascular system to such substances is diminished, or the heart cannot 
maintain an increased pressure. 


The problem was investigated in normal and hypophysectomized rats by 
constricting their aortae just below the diaphragm with silver rings of different 
diameters. This constriction divides the circulatory system into two parts: 
the arterial pressure in the upper system is the outcome of the output of the 
heart and the arteriolar resistance (including the ring) in the upper part of 
the body. The blood pressure below the constriction, on the other hand, 
depends on the input of blood through the constricting ring (governed by 
aortic pressure) and the arteriolar resistance in the lower part of the body. 
Data were collected five days after the aorta was constricted when changes 
due to pressoreceptor reflexes were already over (2). 


1 Manuscript received May 16, 1955. 


Contribution from the Department of Physiology, University of Ottawa, Faculty of 
Medicine, Ottawa, Ontario, Canada. Supported by a grant from the National Research 
Council of Canada. 
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Methods 


Male white rats of the Wistar strain, weighing 150 to 210 gm., were used. 
They lived in individual cages and their ad libitum food (Master Fox cubes) 
and water intake was measured. Under ether anesthesia the abdominal aorta 
was narrowed just below the diaphragm with a silver ring as described (1). 
The data presented are from 198 rats, 86 normal and 112 hypophysectomized 
(all complete, the incomplete ones having been discarded). Both normal and 
hypophysectomized rats were divided into five groups and their aortae were 
narrowed (simultaneously with the hypophysectomy) with silver rings of 
inner diameter: 0.93, 0.83, 0.74, 0.71, and 0.63 mm. The postoperative 
_ mortality during the first five days was observed. On the survivors the 
following experiment was carried out. Under ether anesthesia the left carotid 
and femoral arteries of the rats were cannulated and connected with metal 
bellow manometers and the blood pressure was recorded with ink writers on a 
slowly moving kymograph. The right femoral vein was also cannulated, for 
intravenous injections. First 0.3 ml. of a solution containing 10 mgm. 
heparin per ml. was given into this vein and the ‘‘basal”’ carotid and femoral 
blood pressures recorded. Then, 0.02, 0.2, and 2 wgm. Adrenalin (Parke, 
Davis & Co.) was administered intravenously, each later injection being 
delayed until after the effect of the previous one had worn off. The 2 ugm. 
Adrenalin injection was followed by 0.1 unit of a posterior lobe preparation 
(Infundin, Parke, Davis & Co.), and three minutes afterwards—irrespective 
of whether the blood pressure had returned to normal or was still high— 
20 wgm. Adrenalin was given. In the majority of cases 100 wgm. Adrenalin 
was finally injected to ascertain that no greater rise of blood pressure could be 
obtained. All injections were given in 0.2 ml. saline. If the rat did not die 
after the last injection, it was killed by compressing its trachea. The heart 
(later divided), as well as endocrine glands and organs were dissected, weighed, 
and their dry matter content determined. 


VOL. 33 


Observations 


Fig. 1 shows the percentage survival of groups of normal and hypophysec- 
tomized rats following different degrees of aortic constriction. It was 
established earlier (M. Beznak, unpublished) that laparotomy together with 
the abdominal manipulation necessary to narrow the aorta caused, in 
hypophysectomized rats, a mortality of 21% at the end of the first day, 
rising to 32% by the second, after which no further deaths occurred to the 
end of the experimental period: five days. This is shown in the figure by a 
dotted line. The mortality of hypophysectomized rats in consequence of 
aortic narrowing is thus due to two causes: to surgical shock and to the narrow- 
ing itself. The mortality due to narrowing is, however, not corrected for the 
former, in other words the number of deaths due to laparotomy is not sub- 
tracted from the number of deaths occurring in the narrowed groups. Doing 
this would imply that if the rats had not succumbed to shock they would have 
survived the narrowing, a supposition completely unjustified. It might rather 





BEZNAK: CARDIAC HYPERTROPHY AND PITUITARY 987 























(8) (16) 
(13) (43) 
rs NORMAL nage. [eatibonusect omy 
7 ° 
a (9) m. (10) % 
c i 
100 | : 093-2 HOO 
90 90 
80 (18) -083- 
70f 1 70 
2 074-0 
60 60 
SOT 50 
4ot oi 
6) 071-0 
30f 30 
20 
(Q) *-0°63— 
ttt . 
1 23 8 3 BAYS 1 , o£ & S 
Fic. 1. Survival of rats after different degrees of aortic constriction. Ordinate: 


survival in percentage. Abscissa: days after aortic constriction. The numbers in 
parentheses give the number of rats. Degree of aortic constriction is expressed as the 
inner diameter of the narrowing ring in mm. _ The dotted line shows hypophysectomized 
rats in which only laparotomy was performed. 


be argued that those weaker rats which succumbed to shock alone would have 
died under the strain of the narrowing, hence a smaller error is committed if 
all mortality is considered to be due to narrowing. Laparotomy with similar 
manipulations caused no mortality in normal rats. 

Fig. 1 allows the following conclusions: 

(1). The smaller the diameter of the narrowing ring, i.e. the more the aorta 
is constricted, the greater is the mortality. With the largest ring used, 0.93 
mm. diameter, there was no mortality in normal rats and probably none of 
the deaths taking place in hypophysectomized rats can be ascribed to this 
narrowing, since laparotomy alone caused similar number of deaths. 

(2). The greatest number of rats die within the first day after aortic con- 
striction. Actually these deaths start a few hours after constriction and not 
immediately. 

(3). The mortality with the same degree of constriction is greater in 
hypophysectomized than in normal rats. This is particularly apparent with 
medium narrowings (0.83 and 0.74 mm. diameter). With the greatest 
constriction used (0.63 mm.) actually 12% of the hypophysectomized rats 
survived while all normal rats died. This may be due to chance and the 
greater number of rats in the hypophysectomized group. 

In Fig. 2 the weight increase of the heart (left and right ventricle) is plotted 
against the degree of aortic constriction. The ordinate shows the percentage 
change in weight. The expected heart weights (also weight of left and right 
ventricle) corresponding to a rat of the body weight in question have been 
calculated from the following formulae (2): } = 2.59X + 186.24 for the 
whole heart, } = 1.79X + 96.41 for the left ventricle and 9 = 0.62X + 
62.59 for the right ventricle (where ) = expected weight of the respective 
part of the heart in mgm. and X = body weight in gm.). The difference 
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Fic. 2. Changes in cardiac, left and right ventricular aveight in consequence of different 
degrees of aortic constriction. Ordinate: weight changes in percentage. Abscissa: 
degree of constriction in mm. D = decompensated rats. N = normal rats, not narrowed. 
Hyptomy = hypophysectomy. Shaded areas represent twice the standard error of 
the mean. 


between this calculated weight and that actually found was then expressed as 
percentage of the former and plotted as ordinate. The figure shows that the 
total weight of the heart and of the left ventricle of normal rats increases with 
increasing the constriction. The weight of the right ventricle hardly changes 
as long as the narrowing is not too great (0.93 and 0.83 mm.). _ If the aortic 
constriction exceeds a certain degree (0.74 mm.) there is a sharp rise in the 
weight of both left and right ventricles even in rats showing no clinical 
symptoms of heart failure. The changes found in decompensated rats are 
treated separately and the values are plotted against a point marked “D”’ on 
the abscissa. This point, however, does not correspond to the degree of 
narrowing in these rats. Of the seven rats showing symptoms of cardiac 
failure (dyspnea, edema) one was found in the group narrowed with the 
0.83 mm. and six in the group narrowed with the 0.74 mm. ring. No 
symptoms of heart failure were observed amongst the four rats that survived 
0.71 mm. narrowing; those that did develop them, died before the fifth day. 
The weight of both left and right ventricles is excessively increased in failure. 
The two lowest curves show the weight of the heart and of the left ventricle 
in rats which were hypophysectomized and narrowed simultaneously. With- 
out aortic constriction the heart would have lost 15-19% of its weight in five 
days (1, 6, 7). Any decrease that occurred was smaller or even absent but 
bevond this there was no increase of the weight of the heart in any of the 
groups. 
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Fic. 3. Changes of blood pressure in normal (@—-—@) and hypophysectomized 
(O-----O) rats. Upper ordinate: blood pressure in mm.Hg. Lower left ordinate: 


difference between carotid and femoral pressure in mm.Hg. Right lower ordinate, J,/.: 
femoral/carotid pressure. Abscissa: aortic constriction in mm. D = decompensated 
rats. N = normal rats, not narrowed. 


Fics. 4-6. Blood pressure changes in normal (@—-—@) and hypophysectomized 
(O-----O) rats, following the injection of 2 or 20 uwem. Adrenalin or 0.1 unit Infundin. 
U pper ordinates: blood pressure in mm.Hg. Middle ordinates: rise of blood pressure, 
in mm.Hg, over the preinjec tion level. Left lower ordinates: difference between carotid 
and femoral pressure inmm.Hg. Right lower ordinates: J;,- = femoral /carotid pressure. 
Abscissa = aortic constriction in mm. N = normal rats, not narrowed. D = decom- 
pensated rats. 
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Fig. 3 summarizes the changes in blood pressure in normal (continuous 
lines) and hypophysectomized (broken lines) rats. The upper part of the 
figure shows that in normal rats both carotid and femoral pressures rise with 
increasing aortic constriction up to a point (about 0.74 mm. constriction), 
then there is a sharp drop. The bottom left graph in the figure shows the 
difference between carotid and femoral pressures. As expected, this value 
rises with increasing narrowing. With a constriction of 0.71 mm., however, 
the carotid-femoral difference diminishes, because of a sharp fall in the 
carotid pressure with hardly any change in the femoral. This can only happen 
if the resistance of the peripheral vessels below the constriction increased. 
Some information about the latter can be obtained by calculating the J; . 
index shown in the right bottom corner of the figure. As mentioned in the 
introduction, the blood pressure in the system below the aortic constriction 
depends on the blood flowing through the narrowing (the aortic, i.e. carotid 
pressure) and the resistance of the subdiaphragmatic arterioles. Sub- 
diaphragmatic resistance = femoral pressure/carotid pressure, called the /;,, 
index. J;,. is, however not an absolute measure of the state of the peripheral 
vessels below the constriction and values obtained after different degrees of 
aortic constriction cannot be compared. It is evident that a fall in J;,, as 
aortic constriction is increased does not, per se, mean a fall in subdiaphrag- 
matic resistance, because J,;,. will fall with greater constriction without any 
change in the latter since a greater aortic pressure is needed to press the same 
volume of blood through a narrower aortic stricture. J;,., as shown in the 
figure, indeed falls as constriction becomes stronger. At 0.71 mm. narrowing 
there is, however, a sudden rise instead of a further drop, which means that 
the subdiaphragmatic resistance must have increased. 

In hypophysectomized rats the low carotid pressure (96 mm.Hg) rises after 
constriction to a value near the normal (unnarrowed) level, but no further. 
Nor is there any significant change in the femoral pressure with any of the 
constrictions. The carotid—femoral difference rises with 0.93 and 0.83 mm. 
narrowing, then remains unchanged. Since the same carotid pressure can 
maintain the same femoral pressure, in spite of a greatly increased constriction 
(from 0.83 to 0.63 mm. diameter), we have to suppose that the peripheral 
resistance increased. Indeed, J;,, hardly changes from 0.83 mm. constriction 
on, though there should have been a great drop had the peripheral resistance 
not changed. 


For the sake of clarity the values for frankly decompensated rats are plotted 
corresponding to a point between 0.71 and 0.63 mm. narrowing, though almost 
all decompensations occurred in the group constricted with a ring of 0.74 mm. 
The blood pressure values are lower than for any other narrowed group and 
Is;¢ is very low. 

Figs. 4, 5, and 6 show the effects of 2 and 20ugm. of Adrenalin and the 
results obtained with Infundin respectively; 0.02 wgm. Adrenalin had no 
effect and 0.2 ugm. caused a slight elevation of blood pressure followed 
generally by a fall. This effect was, however, so small that no figure was 
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constructed from these data. From the upper line of the figures it is clear 
that the rise in blood pressure follows the general pattern of the preinjection 
values. That is, the carotid and femoral blood pressures reached after 
Adrenalin or Infundin are higher as the narrowing increases, up to 0.74 mm. 
constriction. With 0.71 mm. constriction, however, the blood pressure 
obtainable falls. Compared with Fig. 3 this means that once the constriction 
is too narrow and the basic blood pressure begins to fall, it cannot be raised 
to the height seen with 0.74 mm. constriction even with the strongest dose of 
Adrenalin. The second line of these figures shows the rise of blood pressure 
in mm.Hg over the preinjection level obtained with Adrenalin or Infundin. 
The rise in the carotid pressure indicates the amount of extra effort a heart is 
able to make when suddenly confronted with an extra load, thus it is, in a 
sense, a measure of the reserve power of the heart. The figures show that up 
to 0.74 mm. constriction this value fluctuates around that obtained in normal 
(unnarrowed) rats, and then drops, particularly in decompensated rats. The 
rise in femoral pressure is not a measure of the reserve power of the heart, 
because it can vary with subdiaphragmatic arteriolar resistance independently 
of the heart. The graphs show that the rise in femoral pressure hardly changes 
even with constriction when the rise in carotid pressure is very small, showing 
that the arterioles can constrict normally. J;,. follows the same general 
pattern as seen in uninjected rats. With 0.74 mm. and narrower constrictions 
there is a great rise, as if the arteriolar constriction due to Adrenalin were 
added to an already increased arteriolar tone. 

Regarding the changes occurring in hypophysectomized rats with different 
degrees of aortic constriction after Adrenalin and Infundin, there are the 
following noteworthy points: 

(1). The actual blood pressure level reached is always less in hypophysec- 
tomized than in normal rats at the same aortic constriction. 

(2). The maximum height of blood pressure reached in hypophysectomized 
rats without or with any degree of aortic constriction is around the ‘value 
obtained with the same dose in normal rats whose aortae are not narrowed. 
A blood pressure higher than this cannot be reached in hypophysectomized 
rats even with the greatest aortic constriction. 

(3). The rise in blood pressure after Adrenalin or Infundin, in mm.Hg, as 
compared to the preinjection value is in no case less than in normal rats. In 
fact, because of the lower starting value, it is generally more. 

(4) I;,- values are higher after hypophysectomy, with the exception of the 
very narrow constriction (0.71) and decompensated normal values. 

Fig. 7 sums up the changes in blood pressure and left ventricular weight in 
normal and hypophysectomized rats in consequence of the different aortic 
constrictions. From 0.93 to 0.74 mm. constriction the weight of the left 
ventricle and the carotid pressure rise. Though the rise in the two is not 
absolutely parallel, there is a strong correlation between them in this range. 
With 0.74 mm. constriction a turning point is reached. In rats whose aorta 
was constricted still further and in rats showing symptoms of decompensation, 
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Fic. 7. Changes in the weight of the left ventricle and carotid pressure in normal and 
hypophysectomized rats after different degrees of aortic constriction. Left ordinate: 
changes in left ventricular weight in percentage. Right ordinate: blood pressure in 
mm.Hg. Abscissa: aortic constriction in mm. N = normal rats, not narrowed. 
D = decompensated rats. Shaded areas represent twice the standard error of the mean. 


the weight of the left ventricles increased (in one rat by 96% in five days) 
while the carotid pressure dropped steeply. In hypophysectomized rats there 
is no change in the weight of the left ventricle. Though the carotid pressure 
of hypophysectomized rats with aortic constriction is slightly higher than of 
those without it, the rise does not depend, as in normal rats, on the size of 
the narrowing. 


Discussion 


In normal rats constriction of the aorta below the diaphragm starts a 
compensatory process, the extent of which depends on the degree of constric- 
tion. In the course of this compensation the weight of the heart increases, 
the blood pressure above as well as below the constriction rises. These 
changes seem to be interlinked to some extent: the more the aorta is con- 
stricted, the greater the weight increase of the heart and the higher carotid 
and femoral pressures. If, however, aortic constriction is increased beyond a 
certain critical point, cardiac hypertrophy reaches extremely high values, 
but the carotid and femoral pressures are lower than they would be with a 
less great constriction. In rats in which this dissociation of heart weight and 
carotid pressure occurs, but which do not show symptoms of decompensation, 
the femoral pressure remains relatively high. Accordingly, the /,;,, index is 
much higher in these rats than would be expected, showing that a constriction 
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of the subdiaphragmatic vessels has taken place. Compensation for cardiac 
failure may start in this way, possibly through the baroreceptor reflexes. It 
seems likely that the blood pressure was at one time high in these animals and 
the carotid-aortic receptors may be set to this higher level. When the blood 
pressure starts to fall in consequence of the weakening of the heart, these 
reflexes may cause vasoconstriction in their effector area: the splanchnic. In 
rats which are frankly decompensated J;,. is very low. It is possible that 
these rats represent a further stage when the baroreceptor regulation has 
also failed. 


Measuring the reserve power of the heart by the rise, in mm.Hg, that can 
be obtained over the existing blood pressure in the carotid, it was found that 
this remains fairly constant, in spite of great differences in basic blood pressure 
level and heart size. The very large, failing, or nearly failing hearts have 
practically no reserve power, i.e., hardly any rise in carotid pressure can be 
obtained even with a maximal dose of Adrenalin. Adrenalin does, however, 
have an effect in these animals, because the rise in femoral pressure is hardly 
less than before. This means that whether the peripheral vessels were 
constricted (as in near-failure) or relaxed (as in frank failure), they can 
constrict maximally after adrenalin. 

Unlike in normal rats, in hypophysectomized rats it is not possible to obtain 
an enlargement of the heart or an increase in blood pressure, however much 
the aorta may be constricted. With aortic constriction between 0.93 and 
0.63 the weight of the heart and the carotid pressure remain at an unchanged 
low level. Since the carotid pressure does not rise, the amount of blood flow- 
ing through the narrowing ring into the lower half of the animal must be 
much less in the latter case (0.63 mm. constriction) than in the former (0.93 
mm.). The pressure below the constriction (femoral), however, does not fall, 
hence it must be supposed that it was maintained high by a greater sub- 
diaphragmatic arteriolar resistance in the case of the narrower constriction. 
Though the mechanism of the increase in subdiaphragmatic. peripheral resist- 
ance is not known, it is possible that the fall in subdiaphragmatic pressure 
stimulates pressoreceptors in the mesenteric area (8). 

The height of the blood pressure reached after Adrenalin does not depend 
on the extent of aortic constriction as in the case of normal rats but is roughly 
the same with all constrictions, with a probable fall only at 0.63 mm. If we 
measure the reserve power of the heart by the rise in mm.Hg of the carotid 
pressure over the preinjection value, we must conclude that in hypophysec- 
tomized rats this is in no case lower (and in some cases it is even higher) than 
in normal rats. The rise of the femoral pressure after Adrenalin, in mm.Hg, 
is greater in hypophysectomized than in normal rats showing that the con- 
striction of the arterioles caused by epinephrine is not diminished after 
hypophysectomy. 

Remington (12) and Ramey et a/. (11) found that the blood pressure response 
to epinephrine was diminished in adrenalectomized dogs. Fritz and Levine 
(4) demonstrated a diminished sensitivity of the small blood vessels of the 
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mesoappendix in epinephrectomized rats to topical application of nor- 
epinephrine and also observed that—unlike the reaction in normal rats—the 
reaction was quickly exhausted by repeated application. Fowler and Cleghorn 
(3) obtained in epinephrectomized cats a rise in blood pressure only after 
epinephrine but not after other pressor substances (pitressin, BaCl.) though 
these latter also caused vasoconstriction (as indicated by plethysmographic 
evidence) and concluded that the primary fault was cardiac. In view of these 
findings we included Infundin besides Adrenalin but its blood pressure raising 
effect in hypophysectomized rats was not different from that of Adrenalin. 
A decreased sensitivity to epinephrine generally only obtains in epinephrec- 
tomized animals when cortical deficiency is very pronounced. This does not 
‘ occur in hypophysectomy, at least not within five days. That we found no 
decrease in the effectiveness of epinephrine in hypophysectomized rats while 
Stavraky and Oliver (13) did in hypophysectomized cats may be due to the 
difference in experimental conditions. 

The most remarkable result of these experiments is that in hypophysec- 
tomized rats cardiac hypertrophy and a rise in blood pressure could not be 
obtained with any degree of aortic constriction. The possibility that a 
diminished venous return due to a decrease in blood volume after hypophy- 
sectomy may limit cardiac output received no support from the results of 
Gemzell and Sjéstrand (5). These authors found hardly any change in the 
blood volume of male rats up to 60 days after hypophysectomy. We observed 
earlier (2) that after aortic constriction a period of increased blood pressure 
preceded the development of cardiac hypertrophy in normal rats. Experiments 
now in progress will show whether, immediately after aortic constriction, 
similar blood pressure changes develop in hypophysectomized as in normal 
rats but later abate, or whether the chain of events is different from the 
beginning. 
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CHANGES IN HEART WEIGHT AND BLOOD PRESSURE 
FOLLOWING AORTIC CONSTRICTION IN RATS! 


By MARGARET BEZNAK 


Abstract 


Blood pressure measurements in the carotid and femoral arteries of rats after 
subdiaphragmatic aortic constriction, taken at times varying from immediately 
afterwards to five days after, indicate that increased carotid pressure precedes 
cardiac enlargement in these animals. The large drop in femoral blood pressure 
within the first few hours after aortic constriction seems to be due—at least 
partly—to stimulation of the pressoreceptors by the increased aortic-carotid 
pressure. Hypertrophy of the left ventricle can be demonstrated on the second 
day after constriction. The maximum height of carotid pressure obtainable 
after epinephrine injection rises with the time after constriction, while the rise 
over the preinjection value does not increase. 


The cardiac enlargement and hypertension seen in normal rats five days 
after aortic constriction were described in previous work (2, 8, 9). These 
changes did not occur in hypophysectomized rats (8, 2) unless these animals 
were treated with a crude growth hormone preparation (4). 

The reason why there is no cardiac hypertrophy on aortic constriction after 
hypophysectomy is unknown. The hormones of the anterior pituitary may 
enable the heart to increase its mass by acting on the heart itself or they may 
act on the peripheral vessels allowing for the development of a rise in blood 
pressure (after aortic constriction) which then would be the direct cause of 
cardiac hypertrophy. It therefore seemed important first to observe in 
normal rats the sequence in which changes in blood pressure and heart 
weight take place after aortic constriction. Similar experiments on 
hypophysectomized rats are now in progress. 


Methods 


Male albino rats, Wistar strain, weighing 150-235 gm., were used. They 
lived in individual cages and received Master Fox cubes and tap water ad 
libitum. Under ether anesthesia, the aorta was narrowed just below the 
diaphragm with a silver ring of 0.74 mm. diameter, as described (2). 

The following observations were made: 

(1). Blood pressure in the carotid and femoral artery. Subdiaphragmatic 
constriction of the aorta divides the systemic circulation into two parts. The 
arterial pressure in the upper part (carotid) is derived from the output of the 
heart and the arteriolar resistance (including the constricting ring) in the upper 
part of the body. The blood pressure in the lower part (femoral) depends on 
the inflow through the constricting ring (governed by aortic pressure) and the 
arteriolar resistance in the lower part of the body. 

1 Manuscript received June 22, 1955. 
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(2). Since carotid pressure is a measure of aortic pressure the resistance 
below the constriction may be correlated with the ratio: femoral pressure / 
carotid pressure, called the J;;, index. The size of the constriction remaining 
unaltered, changes in J;,. indicate corresponding changes in subdiaphragmatic 
peripheral resistance. 

(3). The maximum value to which the carotid pressure could be raised with 
epinephrine (Adrenalin, Parke, Davis & Co.) or a posterior lobe extract 
(Infundin, Parke, Davis & Co.). Infundin was included because it has no 
direct effect on the heart. 

(4). The difference between the maximum carotid pressure obtainable with 
Adrenalin and the preinjection blood pressure was calculated. 

(5). The wet and dry weights of the heart and its different parts were 
determined. 

Blood pressure was recorded, under ether anesthesia, with metal bellow 
manometers (Phipps and Bird) and ink writing pens. The right femoral vein 
was cannulated for injections. At the beginning of the experiment the rats 
received 0.3 ml. of a heparin solution containing 10 mgm. commercial heparin 
per ml. distilled water. After the basal carotid and femoral pressures were 
recorded for one to two minutes, the rats received Adrenalin intravenously; 
20 uwgm. Adrenalin per rat was found to give a maximal response. Infundin 
was administered intravenously in a dose of 2 units per rat. Both the 
Adrenalin and Infundin were dissolved in 0.2 ml. saline. 

The rats were divided into nine groups of 6 to 12 rats. The first group 
contained 12 normal rats. In the eight rats of the second group the constrict- 
ing ring was put on the aorta but was closed only after the basal blood pressures 
were recorded. In the next groups of rats recording of the blood pressures 
was carried out one, three, and six hours, one, two, three, and five days after 
the aorta was constricted. 

After the experiment each rat was killed by clamping its trachea, the heart 
and its component parts were dissected, and the wet and dry weights deter- 
mined as described (2, 9). 

It was noticed that the ratio heart weight/body weight was greater than 
expected from earlier determinations on Glaxo strain rats (3). Accordingly 
the regression of heart weight on body weight was established in 53 rats of 
the Wistar strain. 


Results 


Fig. 1 gives the regression lines—calculated by the method of the least 
squares—of the weight of the heart and of the left and right ventricles on 
body weight. 

Fig. 2 shows the results of the blood pressure measurements in the nine 
groups. While the femoral pressure drops immediately from 109 to 80 mm.Hg 
after constriction of the aorta, there is a small increase in the carotid pressure, 
which becomes significant three hours later. This is followed—at time six 
hours—by a drop and then a gradual rise in carotid pressure. At time six 
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Fic. 1. Regression of the weight of the heart and of the left and right ventricles on 
body weight. Ordinate: weight of organ in mgm. Abscissa: body weight of rats in gm. 
The outs, crosses, and circles give the indiv idual data. The equation for the whole heart 
is ) = 2.59X + 186.24, for the left ventricle } = 1.79X + 96.41, for the right ventricle 
y= 0. 62x + 62.59, where $ = expected weight in mgm., X = body weight in gm. 
The broken lines show the regression lines obtained in England on Glaxo strain rats. 
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hours the femoral pressure drops still further—corresponding to the fall in 
the carotid—and does not rise to and above its preconstriction level until a 
few days later. Of the 11 rats of group 9, i.e., in which the blood pressure 
was measured five days after aortic constriction, eight were normal in behavior 
and three showed clinical symptoms of decompensation (dyspnea, edema). In 
these latter both carotid and femoral pressures were much lower. 

The lower part of Fig. 2 gives changes in J;,. showing that J;,, falls during 
the first six hours after aortic constriction. Since the carotid pressure rises 
during this period, it is likely that this is due to the working of the presso- 
receptor reflexes initiated by the rise in aortic—carotid pressure. After the 
first six hours, the subdiaphragmatic peripheral resistance gradually increases. 

Fig. 3 shows changes in the weight of the heart and of the left ventricle. 
To make the values more comparable, the figure is constructed in the following 
way. Instead of using the heart weight: body weight ratio, which also varies 
with body weight (3, 5), the expected cardiac and left ventricular weights were 
calculated from equations given in Fig. 1. The difference between the 
actually observed and the calculated value was then expressed as percentage 
of the latter. The figure shows that a significant increase in the weight of the 
heart and the left ventricle appears only on the second day after aortic con- 
striction. The dotted lines represent the rats which were decompensated on 
the fifth day. For greater clarity the weight of the right ventricles is not 
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Fic. 3. Change in the weight of the heart and the left ventricle at different times after 
aortic constriction. Ordinates: change in weight expressed as percentage of the expected 
weight calculated from the equations given in Fig. 1. Abscissa: time in days. Arrow 
indicates the time of the constriction. Cross hatched area = + twice the standard error 
of the mean. D = decompensated rats. 
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given in the figure. A significant increase in its weight occurred only in 
decompensated rats where it reached 23%. Changes in the dry weight were 
found to run parallel to those in wet weight and were, therefore, omitted. 

A comparison of Figs. 2 and 3 indicates that after aortic constriction a 
significant rise in carotid pressure precedes the weight increase of the left 
ventricle. This increase in the weight of the heart seems to be phasic and 
not continuous. The carotid pressure increases during the first 24 hr. without 
an increase in heart weight, whereas during the second day a considerable 
cardiac hypertrophy develops with only a small further rise in pressure. 

In Fig. 4 deviations in carotid and femoral pressure from the normal 122 
and 109 mm.Hg are plotted against percentage change of left ventricular 
weight. In the upper part of the figure this is done for the intervals from one 
hour to one day after aortic constriction. There is no correlation between the 
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Fic. 4. Correlation between change in blood pressure and change in the weight of the 
left ventricle. Ordinates: deviation of blood pressure from the normal carotid (122 
mm.Hg) and the normal femoral (109 mm.Hg) pressure. Abscissae: change in the weight 
of the left ventricle expressed as a percentage of the expected normal weight calculated 
from the equation given in Fig. 1. Upper part: data for the period 0-24 hr.; lower part: 
for the period two to five days after constriction of the aorta. Dots: carotid pressure. 
Crosses: femoral pressure. 
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size of the left ventricle and the blood pressure. The lower part of Fig. 4 
shows the same for the period two to five days after aortic constriction. All 
carotid and most femoral pressures are above normal. There is a direct 
correlation between carotid pressure increment and left ventricular weight in 
the range of lower values (r = 0.53 + 0.15, significant at the 1% level). 
With very large left ventricles (up to 78% increase) there is only a small 
pressure increment showing that the two processes—one responsible for 
increasing the force of the heart and the other responsible for its growth—can 
go on independently of one another. In these rats decompensation developed : 
low carotid pressure, enlargement of the right ventricle, dyspnea, edema. 





Fig. 5 shows the maximal carotid pressure obtained after the injection of 
20 wgm. Adrenalin and the difference between this pressure and the pre- 
Adrenalin value. Immediately after constriction there is a fall in both. 
This is followed by a gradual increase in the maximal pressure obtainable. 
The difference between this and the basal pressure, on the other hand, does not 
rise, it hardly reaches the value seen in normal rats without aortic constriction. 
Results after the injection of 2 uwgm. Infundin were similar. 
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Fic. 5. Carotid pressure (@—-—@) and rise over the basic preinjection value 
(o—-—o) following the injection of 20 uwgm. Adrenalin at different times after aortic 
constriction. Broken lines show the values for the rats decompensated on the fifth day. 
Upper ordinate: blood pressure in mm.Hg. Lower ordinate: the increment of blood 
pressure in mm.Hg over preinjection value. Abscissa: time in days. Arrow indicates 
constriction of the aorta. 


Discussion 


The course of events following subdiaphragmatic aortic constriction in 
normal rats can be divided into four phases: 

(1). First phase, covering the first six hours. The carotid pressure fluctuates 
around a slightly elevated mean while the femoral pressure falls greatly. That 
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this fall is at least partly due to a decrease of subdiaphragmatic peripheral 
resistance (probably initated from the pressoreceptors) is indicated by the 
circumstance that with the same carotid pressure the femoral pressure is lower 
during this period than it is later. 

(2). Second phase, from about six hours after aortic constriction until the 
onset of cardiac enlargement (during the second day). This period is 
characterized by a sharp rise in J;,., showing an increase in the peripheral 
resistance in the lower part of the body. The reason why the pressoreceptor 
reflexes, active in the previous phase, do not keep the subdiaphragmatic 
peripheral resistance at a steady low level is unknown. Heymans ef al. 
(10, 11, 12, 13) have shown that a decrease in the tonus and resistance to 
tension of the carotid leads to a diminution in the activity of the sinoaortic 
reflex. It is possible that this mechanism is involved here, because we 
generally find the arteries above the constriction distended. 

(3). Third phase, from the second day after constriction. Cardiac enlarge- 
ment develops during this period. Eyster et al. (6, 7) showed that cardiac 
muscle hypertrophied once it was stretched sufficiently. That the increase 
in carotid pressure preceded the weight increase of the heart and that this 
latter occurred in a staircase manner in our experiments is in harmony with 
the assumption that a period of dilatation preceded each phase of weight 
increase. The carotid and femoral pressures rise steadily during this phase so 
that even the femoral pressure reaches a level higher than that before con- 
striction. The development of a subconstrictional hypertension was described 
by Sealy et al. (14, 15) in dogs after stenosis of the thoracic aorta. This 
proves that the rise in pressure is not governed by compensatory vasomotor 
adjustments set into motion by the low blood pressure in the abdominal 
organs. Were it so, no further rise in blood pressure should have taken place 
once the normal value in the femoral was reached. A similar conclusion was 
reached by Alexander (1) working with rabbits whose abdominal aorta had 
been constricted. 


(4). Fourth phase, decompensation is seen only. in a fraction of the rats. 

The question of the “force producing potency”’ and the “‘reserve power” of 
the hypertrophied heart has received much attention. Our results show that 
the height of blood pressure reached under the influence of Adrenalin or 
Infundin increases with the time after aortic constriction as do neart weight 
and basal carotid pressure. The increase in maximum pressure is, however, 
not directly correlated with the size of the heart. For instance the same 
maximum pressure is reached on the first and on the second day, though on 
the second day the heart is enlarged while on the first it is not. Further, the 
hearts of the decompensated rats were the largest; yet both basal and 
maximum pressures were the smallest in these rats. The maximum increase 
over the preinjection level produced by Adrenalin or Infundin is, however, 
not augmented at any time after aortic constriction. 
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Summary 


(1). Following subdiaphragmatic constriction of the aorta in rats, the 
carotid pressure rises in three stages: a small rise immediately after constric- 
tion, a larger rise in 24 hr. interrupted by a fall, and a slow steady rise to 
a maximum. 

(2). The femoral pressure shows a sharp fall immediately after constriction 
followed by a slower fall lasting for about six hours, then a steady rise to and 
above the normal value. 

(3). The weights of the heart and of the left ventricle show only small 
changes during the first 24 hr. and then increase, reaching an increment of 
32 and 40% respectively in five days. 

(4). The maximal blood pressure obtainable after Adrenalin and Infundin, 
at different times after aortic constriction roughly follows the above pattern 
of the blood pressure. 

(5). In about one-quarter of the rats surviving until the fifth day, symp- 
toms of decompensation develop. In these the carotid and femoral pressures 
are low; there is hardly any response to Adrenalin or Infundin, but the hy- 
pertrophy of the left ventricle is the greatest and hypertrophy of the right 
ventricle also develops. - 
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THE STIMULATION AND INHIBITION OF ENZYME 
CATALYZED REACTIONS! 


By P. G. SCHOLEFIELD 


Abstract 


An analysis has been made of the effect of complexing agents on the velocity 
of enzyme catalyzed reactions. C omplexing agents are here defined as agents 
which cambios with enzyme proteins in a manner which results in a change in 
the catalytic activity of the enzyme, i.e. they produce inhibitions or stimulations. 
From the analysis it is possible to deduce equations governing competitive, 
non-competitive, ‘‘apparent’ competitiv e, and “apparent’ non-competitive 
inhibitions. The cases of competitive and non-competitive stimulations where 
the complexing agent is non-essential are considered and the corresponding 
equations deduced. The effects of coenzymes having various affinities for the 
enzyme and for the enzyme combined with substrate are also analyzed. In the 
case of the ‘‘apparent’”’ non-competitive stimulation of fumarase by phosphate, 
it is shown that the results obtained by previous workers are entirely in agree- 
ment with the present kinetic analysis. 


In general, the study of enzyme kinetics has been confined to the effects of 
inhibitory agents. Recently studies have been made by Segal, Kachmar, and 
Boyer (7), Bull (2), and Friedenwald and Maengwyn-Davies (3) in which the 
kinetics of stimulation have been considered. In the analyses by Bull (2) and 
Friedenwald and Maengwyn-Davies (3) the possibility of the unstimulated 
enzyme reaction proceeding at a measurable rate in the presence of an activator 
has not been considered and in that by Segal, Kachmar, and Boyer (7) several 
possibilities which lead to interesting conclusions have not been analyzed. 
An analysis follows of some of these possibilities, such as variations in the 
concentration of the inhibitor or stimulator, in the value of the equilibrium 
constants of the reactions, and in the maximum velocities of the reactions. 
Special attention is paid to those circumstances under which stimulation of 
enzyme catalyzed reactions occurs. 


Results and Discussion 


Consider the simple reactions 


Ky 

E+S=ES —-E +P 
Ke 

E +C= EC 
Ks 


EC + S= ECS — EC + P 


where E represents enzyme, S substrate, P product(s), C a complexing agent 
which may inhibit or stimulate the simple enzyme catalyzed reaction, and K,, 
K., and K; are the equilibrium constants. Making the usual assumptions 
that external factors such as pH are kept constant, that equilibrium states 


1 Manuscript received March 17, 1955. 
Contribution from the Research Institute, Montreal General Hospital, Montreal, Quebec. 
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are rapidly attained, and that the amounts of C and S in the system are great 
compared with the amount of E, the following equilibrium equations may be 
derived: 


(1] ((E] — [ES] — [EC] — [ECS]) [S] = K;, [ES] 
[2] ((E] — [ES] — [EC] — [ECS]) [C] = K: [EC] 
[3] [EC] [S] = K; [ECS] 


From [3 
m [3] [ECS] = [EC] [S]/K 


- 


3. 
Substitution in [2] yields 


EC] = => > wre 
md 2 + oil + 
and a corresponding value for [ECS]. Substitution of these values in [1] yields 
¢ ¢ S + 


KiK2K; + Kiks [C] + Ki [S] [C] + K2Ks [S] 
| Ky [S] (C] fE] se 
K,Kok3 + K,K3 [C] = Ky [S] [C] = K2K3 [S] 
But [E] — V1 [E] V2 


[ES] ~ x, and [ECS] x» 


[5] and [ECS] = 


where x, and x, are the velocities of breakdown of the simple enzyme-substrate 
combination and the enzyme substrate — complexing agent respectively, and 
V; and V2 are the corresponding maximum velocities. Since 

¢ = hy + BM 


where x is the total velocity of breakdown, it follows that 


V1 [ES] | V2 [ECS] 
(E] ~*~ (E] - 


On substitution of the values obtained in [4] and [5] in this equation the 
following result is obtained. 


[6] 1 Aik; | Ke + [C] } = rs K2K3 + Ki [C] _ 
x 7, V7 Koks + V2K, [C] [S] ViKoKs + Vek, [C] 





The effect of variation of some of the terms in this equation will now be con- 
sidered. 


Variation of the Concentration of C 
1. If [C] = 0, i.e. if no complexing agent is added, then equation [6] simplifies 
to 
bgt ae 
x J 1 [S] J 1 
which represents the Lineweaver and Burk (4) formulation of the simple 
enzyme catalyzed reaction. 
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2. If [C] — ~, i.e. when the system is saturated with complexing agent, 
then equation [6] becomes 

1 Ks 1 1 

x Ve [S| + Y, 
and only the enzyme substrate - complexing agent is formed in sufficient 
quantity to contribute to the over-all reaction rate. The Lineweaver and 
Burk analysis would indicate that the A,, value and the maximum velocity 
have assumed different values because of the combination of C with the 
enzyme. The inhibition or stimulation might appear to be competitive, non- 
competitive, or neither, and the actual effect observed would depend upon 
the relative values of [S], A, K3, Vi, and V». In effect, the reaction being 
studied is the decomposition of ECS only and not the decomposition of ES 
only. 


Variation of the Equilibrium Constants 
1. If Ki, — ©, so that there is no appreciable combination of substrate 


with free enzyme, then 

1 yas K3 1 ( 1 Ke ) 1 

2" ¥. & tig) t+ ¥, 
and C functions as a coenzyme under conditions where the substrate has an 
affinity for the enzyme-—coenzyme complex but has no affinity for the enzyme 
alone. 


2. If K, — ©, so that there is no appreciable combination of complexing 


agent with either the free enzyme or the enzyme-substrate, then 
1 1 
x Vv, {SJ * 

and the simple enzyme catalyzed reaction is undisturbed. 


3. If K; — @, so that there is no reaction between the substrate and the 
enzyme when the enzyme is combined with the complexing agent, then 


1 Kk 1 [C] ) . 3 
x sin Vi {S] ( . * Ke + Vi 
and the typical Lineweaver and Burk (4) formulation of competitive inhibition 


is obtained, since the substrate and the complexing agent compete for com- 
bination with the enzyme. 


Variation of the Maximum Velocities 


1. If the enzyme-substrate combination is inactive then V; = 0 and 
1 Ks; 1 Ke ) K2K3 + Ki [C] _- 
x VW {S| ( we) ea K, [C] V; 


which represents a typical coenzyme linked reaction where the substrate 
combines either with the enzyme or with the enzyme-coenzyme complex but 
the enzyme-substrate combination does not break down to enzyme plus 
product at an appreciable rate. 
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If, in addition, S has an equal affinity for E and EC then A, = Az; and 


som w(t +i) t+n('+q) 


"H-(4 8) 048), 


Since the factor (1 + (K2/[C])) becomes progressively smaller as [C] increases 
it follows that the velocity of the reaction is increased by the presence of the 
complexing agent. It is apparent that the stimulation is produced by an 
essential coenzyme since when [C] = 0, x = 0. The A,, value (K, or K; in 
this case) is unaltered and hence the stimulation is non-competitive with 
reference to the substrate. 


2. If the combination of the enzyme, substrate, and complexing agent is 


inactive then V2 = 0 and 
. a 3 rl) KeK; + Ki [C] 1 
2 F, sj (1+ © + 


KK; Vi 
When S has an equal affinity for E and EC so that AK, = Kz, then this 
expression simplifies to 


sv (i+e) (1+) 


which is the Lineweaver and Burk (4) formulation of non-competitive inhibi- 
tion. 


3. If Vi = Veo = V, ie. if the maximum rate at which the substrate is 
broken down by the enzyme is independent of the presence of an infinitely 
large concentration of complexing agent, then the velocity at any other 
substrate concentration and any other concentration of complexing agent is 
given by 

1 K\ Ks Ke + [C] j 1 1 1 


x  KeK; + Ki [C]_ V {S| +H 


Basically, this result is similar to that obtained in the case of competitive 
inhibition since the maximum velocity is the same at all concentrations of C. 
However, in this case, the gradient of the straight line obtained on plotting 
1/x against 1/{S] is no longer a simple linear function of the concentration of C. 
Further, from a comparison of the coefficients of the terms involving the 

concentration of substrate in the above equation and in the equation governing 
a simple enzyme catalyzed reaction it is apparent that if 

KiKs (Ke + (Cl) . 

KK; + Ky, [C] i 
i.e., if K; > Ay, then an inhibition of the original reaction is obtained on 
addition of C, but if K; < K, then the reaction is stimulated by C. The 
over-all effect of such a stimulation is that which would be obtained by 
formation of a complex EC with a lower K,, value for the substrate than that 
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found for the original enzyme, i.e. at any substrate concentration the enzyme 
is more nearly saturated in the presence of the complexing agent C. These 
two cases are defined as ‘“‘apparent’’ competitive inhibition and ‘‘apparent”’ 
competitive stimulation. 

It is worthy of note that an inhibition may not truly be termed competitive 
inhibition unless the following conditions are fulfilled. 

(1) Maximum velocity is unaltered. 
(ii) Gradient of 1/x against 1/|S] is directly proportional to the con- 
centration of inhibitor. 

An example of the ‘‘apparent’’ competitive stimulation discussed above is 
to be found in the results of Anagnostopoulos (1) who has studied the effect 
of hydroxy acids on phosphatase activity. The results quoted, however, are 
not sufficiently extensive to test the validity of equation [6]. 

4. If the substrate combines equally well with the free enzyme or with EC, 


then A, = K; and equation [6] simplifies to 
; t 6 pe ee) 
[7] :" ta. Fs Cj (S| + 1 


The effect is apparently a non-competitive one since the A, value is unaltered. 
However, in the case of true non-competitive inhibition which obtains when 
VY. = 0, the maximum velocity of the reaction is a simple function of [C], 
i.e. of the inhibitor concentration (see Section 2 above). In the above case 
this is not so, although in both cases the A,, value remains unaltered. If 
Kz + [C] 1 

VK; + VI” Vi 
in equation [7], i.e. if Vi; > V2 then an ‘‘apparent”’ non-competitive inhibition 
of the original reaction would be obtained and in the case where V2 > V, 
then an ‘‘apparent’’ non-competitive stimulation would be obtained. It is of 
interest to note that Massey (5) has recently reported such a non-competitive 
stimulation in the action of phosphate on fumarase. 

The foregoing analysis has been applied to the results quoted by Massey (5). 
The K,, value for fumarase with malate as substrate at pH 7.4 and at 23° 
is approximately 10-?-*°./ according to Massey (6) i.e. K; = 0.0045M. From 
equation [6] when [S|] becomes infinite, 

8] 1 K, + [C] 
a Vike + Ve [C] 
where a is the maximum velocity in the presence of a concentration, [C], of 
complexing agent. From equations [7] and [8] 
a Ky 


x (sy?! 


In the values quoted by Massey (5), that are used here, [|S] = 0.0835 so that 


(9] a 0.0045 


: “eenmr! =o 
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and hence, from the observed velocities at this substrate concentration, the 
maximum velocities, at different phosphate concentrations, may be calculated. 
From equation [8] it is apparent that as [C] — » thena — V2. Thus by 
plotting a (calculated from x by equation [9]) against 1/[C], the value of V2 
may be found by extrapolation as 59.4. 

Further a = V; when [C] = 0 so that, from equation [9] and the quoted 
value for x in absence of C, VY, = 38.95. Hence Ky may be calculated from 
equation [8] for various values of [C]| since [C], 1, and V2 are known and a 
may be calculated from equation [9]. 

However, solution of this equation for A, involves the term (V2 — a) and 
as [C] increases so a — V>2 and the calculation involves a small difference 
between two relatively large numbers. It is therefore more practical to 
select a given pair of values for [C] and a, calculate Ay, and then compare 
observed and theoretical values for a and ultimately x. Since the values 
obtained for Ke, in this case, varied between 6 X 10-*M and 8.5 XK 10-*M, 
the value 7 X 10-4 was selected and corresponding values of a and x calcu- 
lated. The results obtained are given in Table I. From the general agreement 
of the observed and calculated values it is apparent that the formulations 
given in equations [6] and [7] are substantially correct. 


TABLE | 


THE EFFECT OF PHOSPHATE CONCENTRATION ON THE OBSERVED 
AND CALCULATED VELOCITY OF FUMARASE ACTIVITY 











Molar phosphate Observed Calculated 
concentration, [C] velocity* velocity T 
0 37 — 
0.00033 44 43.4 
0.00066 47 47.8 
0.00133 49 49.9 
0.0020 50 3 
0.0033 | o2.5 
0.0066 55 55.1 
0.0167 56 55.5 
oo _- 56.4 





*Values taken directly from results of Massey (5) where fumarase 
activity was measured spectrophotometrically in presence of 0.0835 M 
malate at 23°C. and at pH 7.4. 

{Values obtained from equations [8] and [9] assuming K, = 
0.0045 M, Vi = 38.95, V2 = 59.4, and K2 = 7 XK 1074M (see text). 
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Other Reactions 
1. The reaction 
Ky 
ES + C = ECS — EC + P 
is included in the above possibilities since K, is determined by K2K3/K,. 
2.. Such reactions as 
ES +S " 
ECS + S CS. } inactive or active 
ECS + C = ECS | 


L tb 1 


may be considered but add little to the general principles established above. 


Summary 


When any molecule (termed here the complexing agent) reacts with an 
enzyme protein in such a way that it alters the catalytic activity of the enzyme, 
then the effect may become apparent in many different ways. The kinetics 
of some of these effects have been discussed. It is pointed out that in the 
cases of simple competitive and non-competitive inhibition the constancy of 
the maximum velocity in the first case or of the Michaelis constant in the 
second is not a sufficient definition of the nature of the inhibition. These 
simple criteria are shown to be insufficient in view of the possibilities of 
“apparent” competitive and ‘‘apparent’’ non-competitive reactions occurring. 

Stimulations of enzyme catalyzed reactions by compounds which are not 
essential for enzymic activity have been discussed and in one case of non- 
competitive stimulation it is shown that the derived equation yields results 
which are in harmony with the experimental observations. 
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SPECTROPHOTOMETRIC ANALYSIS OF NUCLEIC ACIDS IN 
PROTEIN SOLUTIONS AND IN CRUDE ORGAN EXTRACTS! 


By E. ANNAU 


Abstract 


A spectrophotometric procedure has been presented by which an absorption 
spectrum, essentially characteristic for nucleic acids, could be obtained from mixed 
nucleic acid protein solutions, and mouse liver extracts. To examine the efficiency 
of the method for nucleoprotein complexes, spectra from purified calf thymus 
nucleohiston were prepared showing the absorption curves of both of its 
components: nucleic acids and histon. 


Introduction 


It has been shown in previous communications (1, 2) that the ultraviolet 
absorption spectra of two mixed solutes can be reduced to the single spectrum 
of only one component if (1) the spectra of the components show simple 
absorption curves, that is, they exhibit only one absorption maximum; 
(2) they are well separated from each other; and (3) one of the constituents 
occurring in the sample is present at the same time in the reference solution. 

In the present study investigations have been -made in mixed samples in 
which the absorption spectrum of one of the constituents has been eliminated, 
not as before by a reference solution containing the respective sample but by 
a reference solution of a substance of a different chemical composition 
yet of an adsorption maximum similar to that of the sample. It is essentially 
a filter technique in which the elimination of the desired spectral regions is 
achieved by means of an adequately chosen reference solution instead of glass 
filters, as are generally used in filter photometers. The advantage of this 
procedure over filter photometry or an algebraic analysis of composite spectral 
curves is its simplicity and the fact that the absorption gradients of the refe- 
rence solution can be experimentally adjusted to any value at a selected 
spectral region. 


Materials and Methods 


Stock solutions of the following substances were used for the spectrophoto- 
metric measurements, after they have been diluted to later indicated 
concentrations: 

1. 0.39% serum albumin solution in distilled water. 

2. 0.1% purified sodium ribonucleate solution. This was prepared from 
the sodium salt of a commercial product (Schwartz Laboratories, New York 
17) through repeated glacial acetic acid precipitations. The purified com- 
pound was dissolved in distilled water by addition on N/10 sodium hydroxide. 

3. M/100 uric acid solution dissolved in distilled water by addition of 
normal N/10 sodium hydroxide. 


1 Manuscript received July 13, 1955. 


Contribution from Animal Pathology Division, Canada Department of Agriculture, 
Animal Diseases Research Institute, Hull, Quebec. 
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4. 0.1°% thymus nucleohiston dissolved in 17/1 sodium chloride solution. 
The nucleoprotein was prepared by the method of Mirsky and Pollister (6) 
for the isolation and purification of rat liver nucleoprotein. It has been 
extracted from calf thymus by using J//1 sodium chloride solution, and 
thereafter precipitated through the addition of six volumes of distilled water. 
The fibrous precipitate was washed with M//14 natrium chloride and 
redissolved in 1/1 sodium chloride. The insoluble residue was removed by 
high speed centrifugation and the clear supernatant, containing the dissolved 
nucleoprotein, dialyzed for 48 hr. in the cold against M//1 natrium chloride, 
with the latter being changed three times a day. The amount of nucleohiston 
present in the solution was determined gravimetrically by precipitation of the 
nucleohiston with trichloracetic acid at the concentration of 10%. 

Liver extracts were prepared from albino mice derived from the stock 
colony of this Institute, as already described in a previous communication (1). 

The optical measurements were carried out in the Beckman DU model 
spectrophotometer using 1 cm. silica cells with the selector switch in the 
position 1.0. Readings were made generally at 5 my intervals and in the 
regions of maximal absorptions at 2 my intervals. All other manipulations 
were analogous to those already described. 


Results and Discussion 


The initial spectrophotometric measurements were made in mixed serum 
albumin nucleic acid solutions. It was intended by these experiments to 
study the composite absorption spectra of the solutes in relationship to their 
alternating concentrations. For comparative purposes Fig. 1 shows the 
spectra of pure serum albumin concentrations from 0.3 to 1.0 mgm. per ml. 
and Fig. 2 shows the effect of 0.01 mgm. RNA on the spectra of serum albumin 
of the same concentrations. Comparing the two figures, it can be seen that 
through the addition of 0.01 mgm. RNA. the absorption maxima of pure 
albumin solutions have been shifted to the shorter wavelengths; at the- same 
time also a recognizable increase in the optical density values occurred. In 
Fig. 3, the albumin concentrations were kept on a constant level,—0.3 mgm. 
per ml.—while on the other hand, the concentration of RNA was increased 
from 0.01 to 0.02 mgm. per ml. In this case the absorption spectrum of the 
serum albumin became gradually dominated by the increasing RNA 
concentrations. 

In the subsequent experiments attempts were made to eliminate the albumin 
spectrum from the composite spectrum of the mixed components. Since the 
concentration of serum albumin in the mixed sample was known, the simplest 
way to eliminate its spectrum, according to the previous studies (1, 2), was 
to use a reference solution which contained an identically concentrated pure 
albumin solution. Consequently, the transmittance of the light incident 
upon the sample had to be adjusted by slit width operations to 100% trans- 
mittance with regard to the light emerging from the sample of the wavelengths 
characteristic for the spectrum of serum albumin. However, as it will be 
seen farther below, the results were not quite satisfactory. 
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Fic. 1. Absorption curves of serum albumin solutions of increasing concentrations. 


1. 0.3 mgm. serum albumin per ml. 4. 0.8 mgm. serum albumin per ml. 
2 0 : 4 “ “ “ “ “ 5. 1 0 “ “ “ “ “ 
3 0 6 “ “ “ce “ “ 


It is known from the investigations of several workers (3) that the absorption 
maxima of the protein spectra between 280-315 muy are due to their tyrosine 
and tryptophan content. Hence, it has been assumed that serum albumin 
might be substituted in the reference solution either by one of these amino 
acids or by any substance which exhibits an absorption maximum at the 
corresponding spectral region. To prove the validity of the second supposition, 
uric acid was considered as the compound to fulfill this requirement. Accord- 
ing to Kalckar (5) the absorption maximum of a molar uric acid solution is 
at 290 my, which means that it closely corresponds to that of protein solutions. 
Accordingly, if in the spectrophotometric measurements proteins and uric 
acid are used alternatively as sample or as the reference standard, they ought 
to equalize the spectra of each other. This assumption has been verified in 
cases where a 0.03% serum albumin solution served as the sample and a 
4 X 10-° molar (M) uric acid solution as the reference standard. It can be 
seen from Curve 1, in Fig. 4, that under these conditions the sample already 
showed a maximal light transmission at 238 my. On the other hand, if, as 
in Curve 2, the serum albumin solution has been supplemented with RNA in 
concentrations from 0.001 to 0.002%, sharp absorption maxima have been 


obtained at 260 my. The results are summarized in TableI. The first column 


presents for comparative purposes the optical densities of a pure RNA solution 
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Fic. 2. The influence of a constant RNA concentration upon the absorption spectra 
of increased serum albumin concentrations. 


1. 0.3 mgm. serum albumin and 0.01 mgm. RNA per ml. 
2. 0.4 “2 = - o.01 ad = tees 
= * . *-o8 * © # « 
ios. * * + 72 * © 
3 * * * ~*ie * «+ #- 


Fic. 3. The influence of increasing RNA concentrations upon the absorption spectrum 
of a constant serum albumin concentration. 


1. 0.3 mgm. serum albumin and 0.010 mgm. RNA per ml. 
+7 = .  —- = =e 
303 * * a‘ a. * = = # 
4.03 “« « “ ©9016 “ “ « « 
5 0.3 “ + one * * «= 
03 * * co -—3a5 * = #4 


in concentrations from 0.01 to 0.02 mgm. per ml. using distilled water as the 
reference standard. The subsequent columns show the data of the mixed 
samples, using either 4 X 10~-° VW uric acid or 0.03% serum albumin solutions 
as the reference standard. Comparing the single results it may be seen that 
optical density values closest to those of the control samples were obtained 
when the uric acid solution was used as the reference standard. While the 
reference solution containing serum albumin caused an increase in the values 
of optical density at higher RNA concentrations. It has to be emphasized, 
however, that the concentration of uric acid employed in the reference solution 
holds true only for samples containing 0.03% serum albumin. For samples 
containing more serum albumin, higher uric acid concentrations have to be 
used. A limit is attained when the uric acid content of the reference 
solution reaches a point beyond which the light intensity emerging from it is 
so decreased that it will be absorbed completely by the sample. 
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Fic. 4. The effect of a 4 X 10-> M uric acid reference solution on the absorption 
spectrum of a 0.03% pure serum albumin solution and one containing 0.001% RNA. 
Sample: 0.03% serum albumin solution. Reference solution: dist. water. 
Sample: 0.03% serum albumin solution. Reference solution: 4 K 107° 
Muricacid. 3. Sample: 0.03% serum albumin solution containing 0.001% 
RNA. _ Reference solution: 4 X 10-° M uric acid. 


a. 
: 


To investigate the efficiency of uric acid solutions for the spectrophotometric 
analysis of nucleoproteins, the measurements were extended to purified 
preparations of calf thymus nucleohiston dissolved in M/1 NaCl. It has to 
be taken in consideration, however, that according to Chargaff (4) at M/1 or 
higher salt concentrations practically all the DNA of the nucleohiston is free. 

It may be seen from Curve 1, Fig. 5, that the absorption spectrum of a 
0.006% nucleohiston solution, using a M/1 NaCl solution as the reference 
standard, shows an S-shaped absorption curve with an intense peak at 
260 mu. This is characteristic for proteins with a high nucleic acid content. 
In Curve 2, the composite spectrum of nucleohiston was reduced to a well 
recognizable nucleic acid spectrum after the saline solution of the reference 
cell has been exchanged with one containing 4 K 10-° M uric acid. Curve 3 
presents the selective protein spectrum of the sample; in this case a 0.001% 
ribonucleic acid solution served as the reference standard. A peculiarity of 
the curve is that it does not show the usual protein absorption peak around 
280 my; instead, it exhibits a rather broad absorption band with a slight 
increment between 268 and 282 mu. Since thymus histon is free of tryptophan 


(7), the observed spectrum appears to be in good agreement with the chemical 
analyses. 
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Fic. 5. Absorption spectra of calf thymus nucleohiston. 
1. Sample: 0.006% nucleohiston dissolved in M/1 NaCl solution. Reference 
solution: the same solvent. 2. Sample: 0.006% nucleohiston dissolved in 
a M/1 NaCl solution. Reference solution: + * 10~° M uric acid dissolved 
in M/1 NaCl solution 3. Sample: 0.006% nucleohiston dissolved ina M/1 
NaCl solution. Reference solution: 0.001% RNA dissolved in M/1 NaCl. 


Fic. 6. Absorption spectra of a liver extract. 
1. Sample: liver extract diluted 1 to 16.6 with physiological saline. Refer- 


ence solution: physiological saline. 2. Sample: the same liver extract. 
Reference solution: 4 X 107° M uric acid dissolved in physiological saline. 
3. Sample: the same liver extract but dialyzed for 18 hr. in the cold before 
dilution. Reference solution: 4 X 107° M uric acid dissolved in physiological 
saline. 4. Sample: liver extract diluted 1 to 16.6 with physiological saline 
exhibiting the protein part of the spectrum. Reference solution: 0.001% RNA. 


According to Mirsky and Pollister (6), the nucleoprotein of rat liver cell 
nuclei gave an intensive absorption at 254 my which is comparable to the 
data obtained in this laboratory. On the other hand, the spectrum of the 
protein part of the cell nuclei complex exhibited a maximum at 275 mu. 
According to the same authors, this means that it differed significantly from 
the one of the calf thymus histon. Thus, it may be assumed that a difference 
exists between the chemical composition of the two proteins. 

Mouse liver extracts were prepared using a .//1 NaCl solution as extraction 
fluid, as already described in a previous communication (1, 2). Fig. 6 
represents absorption curves of a liver extract using either saline or 4 K 107° M 
uric acid solution as the reference standard. According to the composition 
of the reference solutions, Curve 1 shows the composite spectrum of the 
extract, and Curve 2 that of the nucleic acid component. Curve 3 presents 
the nucleic acid spectrum of the same extract after dialysis. The extract has 
been diluted for the spectrophotometrical measurements 1 to 16.6, that is the 
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1 to 10 diluted extract had been further diluted 6 to 10 with a 17/100 phosphate 
buffered physiological saline solution of pH = 7.00. Since organ extracts 
contain measurable amounts of ascorbic acid which interfere with the nucleic 
acid spectrum (8), the determined optical densities of the absorption maxima 
are probably too high. To eliminate ascorbic acid and other dialyzable 
substances, 3 ml. undiluted extract has been dialyzed for 18 hr. in the cold 
against 1 liter buffered physiological saline solution. As a consequence, the 
optical density values from the dialyzed extract were approximately 40% 
lower than those from the undialyzed one. It seems however improbable that 
the difference between the optical density values of the two extracts can be 
ascribed to their ascorbic acid content. One has to assume further that there 
also occurred a loss in dialyzable nucleic acids. 

According to Mirsky and Pollister (6), a M/1 NaCl solution removes the 
nucleoprotein complex from the liver cell nuclei. Thus, one has to assume 
that also in this case the extract contained mainly nucleoproteins of the DNA 
type. Whether the nucleoprotein of the liver cell nuclei is split in nucleic 
acid and protein by the 7/1 NaCl solution, as it was shown for the nucleo- 
histon at strong salt concentrations by Chargaff (4), is irrelevant in this case, 
since the liver extracts have been diluted or even dialyzed against physiological 
salt solutions. A lowering of the salt concentration, according to the same 
authors, leads, however, to a recombination of the split products. 


Conclusion 


A selective spectrophotometric procedure has been described for the 
identification of nucleic acids in mixed protein nucleic acid samples. Uric 
acid solutions of appropriate concentrations were used as the _ reference 
standard. It appeared that the method was also applicable to nucleoprotein 
complexes, for instance to nucleohiston. Whether the method can be used 
for the quantitative determination of nucleic acids in the presence of proteins 
has not been ascertained since the optical density values of a given nucleic 
acid concentration are strongly influenced by the amount of proteins and the 
uric acid concentrations of the reference solution. 
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RELATIONS THYROIDE-SURRENALES DANS 
L’ADAPTATION AU FROID! 


Par ANDRE DESMARAIS 


Abstract 


Recent studies have stressed the relations between the thyroid and adrenal 
glands. A review of the literature on this subject leads to the hypothesis that 
a quantitative relationship between the thyroid and corticoadrenal hormones 
seems to play an important part in the defence of the organism exposed to cold. 
Experimental work on normal, adrenalectomized, thyroidectomized, and 
adrenalectomized-thyroidectomized rats receiving various doses of cortisone and 
(or) thyroxine emphasizes the existence of such a quantitative relation between 
thyroxine and cortisone. The administration of thyroxine can prevent the 
catabolic action of cortisone in animals exposed to cold. Analysis of the results 
seems to show that exposure to cold is not a stress, provided the increase in 
thyroid function is sufficient to meet the requirements of the organism. From 
these experiments and other results obtained in this laboratory, a new basis 
can be laid down for the understanding of the beneficial effects of ascorbic acid 
in animals exposed to cold. It has been shown repeatedly that administration 
of ascorbic acid can prevent to some extent the catabolic effects of exposure to 
cold. It has also been observed that ascorbic acid administration decreases the 
degree of thyroid hyperactivity in animals exposed to cold. On the other hand, 
it has been shown that thyroxine administration can also prevent the catabolic 
effects of exposure to cold. It seems logical to assume that ascorbic acid might, 
in some way, reduce the thyroid hormone requirements of the cold exposed 
animals. Up to the present, only indirect evidence of such a mechanism has 
been obtained; it is hoped that further experimentation will provide a definite 
insight into this problem. 


L’homéotherme exposé au froid survivra s'il réussit 4 maintenir constante 
sa température sans épuiser ses réserves. Pour lui, le probléme de l’adaptation 
au froid se présente sous deux aspects: réduction des pertes de chaleur et 
augmentation de la thermogénése de réchauffement. Le premier aspect 
comprend tous les phénoménes de la thermorégulation physique; le second 
groupe les mécanismes de la thermorégulation chimique. 

L’influence prépondérante des hormones de la thyroide et de la surrénale 
sur la régulation chimique de la température des homéothermes est universelle- 
ment admise. Nous tacherons de définir les caractéres essentiels de cette 
influence hormonale et compléterons cette revue par l'étude de l'action 
bienfaisante de l’acide ascorbique chez l’homéotherme exposé au froid. Nous 
exposerons finalement les résultats de nos expériences sur ce sujet. 


I. La thyroide 


Les modifications du métabolisme de base (M.B.) par les sécrétions 
thyroidiennes sont devenues une donnée classique de |’endocrinologie. Chez 
tous les mammiféres, |’ablation de la thyroide entraine une chute de 20 a 
40 % du M.B., alors que l’administration d’extraits thyroidiens ou d’hormones 


1 Manuscrit regu le 22 juillet 1955. ; , 
Contribution du Département de Physiologie expérimentale, Université Laval, Québec, 
Québec. Ce travail a été effectué grace a un octroi de la Défense Nationale (Canada). 
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purifiées raméne a la normale le M. B. des animaux éthyroidés ou augmente 
celui des animaux intacts. 

On sait depuis longtemps, surtout depuis les travaux de Rubner en 1902 
(53) et de Benedict en’ 1929 (2), que l’exposition au froid des homéothermes 
est suivie d’une élévation du métabolisme mesuré par la consommation 
d’oxygéne. L’élévation du métabolisme est accompagnée d’une hyperplasie 
thyroidienne importante. Cette observation de Cramer (9) a été confirmée 
par plusieurs auteurs dont Kenyon en 1933 (44) et Starr en 1940 (64). 

Les modifications de l’activité thyroidienne chez l’animal exposé au froid 
ont été étudiées plus en détail en ces derniéres années. Les premiéres obser- 
vations avaient montré que l’hyperplasie thyroidienne de l’exposition au 
froid ne s’établissait qu’aprés une période latente de quelques jours. 
L’influence de la thyroide dans l’adaptation au froid paraissait donc assez 
tardive, jusqu’a ce que Leblond et Gross, en 1943 (46) aient montré la 
nécessité d’un apport minimum d’hormones thyroidieunes dans les premiers 
jours de l’exposition au froid: la mortalité de l’animal éthyroidé est d’autant 
plus élevée que la période s’écoulant entre l’opération et l’exposition au froid 
est plus longue. Cette observation fut par la suite confirmée par Sellers et 
ses collaborateurs (61, 62), ainsi que par Williams, Jaffe et Kemp (69). En 
somme, la survie de l’animal dépendrait de la quantité d’hormones thyroi- 
diennes en circulation. Dans un travail plus récent, Leblond et Eartly (45) 
poussent plus loin l’analyse de la fonction thyroidienne, montrant que, méme 
au début de l’exposition au froid, les besoins de l’organisme en hormones 
thyroidiennes sont plus élevés qu’a la température normale. Ce fait, déja 
suggéré par les expériences de Thibault (68), s’est trouvé confirmé par les 
observations de Dempsey et Peterson (10), et Stevens et al. (65) en 1955. 

L’influence des sécrétions thyroidiennes sur la résistance de |l’homéotherme 
dans les premiers temps de son exposition au froid, méme avant l’apparition 
de toute hyperplasie décelable par la pesée de l’organe, semble assez bien 
établie. 

Quant au réle de cette glande dans le maintien de l’adaptation acquise, on 
ne peut le mettre en doute. Thibault (68), Leblond (45, 46), Sellers (61, 62) 
et Williams (69) ont montré que le rat adapté au froid, ou bien ne survit pas, 
ou bien est incapable de maintenir le niveau élevé de son activité métabolique 
si on le prive de sa thyroide. Bien plus, l’organisme adapté au froid voit 
s’accroitre ses besoins en hormones thyroidiennes, puisque le rat compléte- 
ment carencé en thyroxine et exposé au froid ne peut survivre que si on lui 
administre des hormones thyroidiennes 4 des doses supérieures A celles qui 
représentent ses besoins a la température normale (45). Par ailleurs, chez 
l’animal intact, il semble que cet objectif soit atteint par le mécanisme normal 
de la stimulation thyroidienne par l’hormone thyréotrope anté-hypophysaire, 
comme le montrent les observations de Sellers (61) et de Stevens et al. (65). 

Nous voyons donc qu’un certain degré d’hyperactivité thyroidienne est 
nécessaire, non seulement pour assurer l’adaptation au froid, mais aussi 
pour la maintenir. 
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II. Les surrénales 
1. Médullo-surrénale 

C’est 4 Cannon (7, 8) surtout que nous devons la démonstration d’une 
relation entre |’adrénaline et la thermorégulation chimique. Depuis, d’autres 
auteurs et plus particuliérement Schaeffer (54, 55, 56, 57, 58, 59, 60) et 
Thibault (68) ont montré I’influence de la thyroide sur |’action calorigéne de 
l’adrénaline; celle-ci est réduite de 90% en l’absence des sécrétions thyroi- 
diennes. Ces expériences sont trés suggestives et le mécanisme qu’elles démon- 
trent nous apparait de toute premiére importance. II faudrait que ce travail 
soit poursuivi en appliquant le principe de cette action thyroidienne dans 
des expériences ot la durée d’exposition au froid s¢rait plus longue. 

Quoiqu’il en soit, la nature réflexe de cette action de l’adrénaline, telle que 
démontrée par Cannon (7, 8) et Morin (48, 49, 50), en fait un mécanisme 
d’urgence de la réponse au ‘‘coup de froid’’, et rien ne laisse supposer une 
hypersécrétion d’adrénaline au cours de l’exposition prolongée. _Nous-mémes 
(14, 15) n’avons pu déceler de changements importants de la teneur des 
surrénales en adrénaline. Bien que la teneur en hormone d’une glande ne 
puisse généralement pas étre interprétée comme un indice de son activité 
sécrétoire, cette mesure apporte souvent des informations précieuses. Nous 
avions alors montré que la teneur des surrénales en adrénaline n’est pas 
modifiée au cours de l’exposition au froid, bien que l’administration d’adréna- 
line 4 l’animal exposé au froid soit suivie d’une chute drastique du taux de 
cette hormone dans les surrénales. De plus, Fortier et Dugal (36) ont montré 
les conséquences néfastes de l’administration d’adrénaline au cours de 
l’exposition prolongée au froid. 

Nous croyons donc que le réle de l’adrénaline, rdle nécessitant une hyper- 
sécrétion, se limite a la réponse d’urgence au coup de froid. En fait, la 
médullectomie, tout en supprimant la plus importante source d’adrénaline, 
est loin d’étre fatale. Il semble donc que I|’adrénaline provenant des autres 
tissus chromaffines suffise au maintien des réactions métaboliques essentielles, 
méme au froid. 

C'est ici que se situerait l’action ‘‘conditionnante” de la thyroide sur 
l’effet calorigéne de l’adrénaline. Si on admet, aprés Thibault (68), que 
l’effet propre des hormones thyroidiennes sur la calorification ne dépasse pas 
15%, on peut supposer que le résultat principal de I’hyperthyroidie du froid 
soit la sensibilisation des tissus a l’adrénaline. Dans ces conditions, il n’est 
plus nécessaire d’invoquer une hypersécrétion d’ailleurs trés hypothétique 
d’adrénaline. L’effet calorigéne de cette substance au froid serait en somme 
augmenté par l’action ‘‘conditionnante’” des hormories thyroidiennes, action 
dont Thibault (68) nous a donné la démonstration. 


2. Cortico-surrénale 

Si l'adaptation au froid est possible sans la médullaire, sinon sans adrénaline, 
il n’en est pas ainsi de la cortico-surrénale. L’ablation des surrénales est 
incompatible avec la survie de l’animal non-adapté exposé au froid, comme 
l’ont montré les observations de Selye (63), Sellers (62) et les nétres (16). 
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Cependant, la surrénalectomie n'a pas d’effets aussi drastiques chez I|’animal 
adapté au froid. Selye a interprété ce fait comme démontrant I’indépendance 
relative de l’adaptation acquise a l’égard des hormones de la cortico-surrénale. 
Relative est bien cette indépendance, puisque les travaux de Héroux et 
Hart (41, 42), ceux de Leblond et Gross (46), ainsi que ceux de Sellers (61, 62) 
et les nétres (16) montrent bien que, si l’hyperfonction de la cortico-surrénale 
n’est pas essentielle au maintien de l’adaptation, un certain degré d’activité 
corticale est encore nécessaire. D’autres observations (11) nous laissent 
d’ailleurs supposer que l’activité sécrétoire de la cortico-surrénale, augmentée 
au début de l’exposition au froid, reviendrait 4 des valeurs normales lorsque 
l’animal est adapté. En effet, l’activité métabolique de la surrénale s’éléve 
au début de l’exposition au froid et revient ensuite 4 la normale, du moins 
dans les conditions of nous avons effectué nos expériences. Notre conclusion 
sera juste en autant que l’activité métabolique de la surrénale peut étre 
considérée comme un indice de son activité sécrétoire, ce qui semble probable 
(17, 52). 

En conclusion, disons que, si l’animal adapté au froid peut s’en tirer assez 
bien avec un minimum d’hormones corticales, l’hyperactivité de la cortico- 
surrénale semble nécessaire a |’établissement de cette adaptation. 


III. L’acide ascorbique 


Lorsqu’en 1944 Dugal et ses collaborateurs (26, 27) publiérent leurs obser- 
vations concernant Il’influence des régimes alimentaires sur la résistance du 
rat au froid, rien dans la littérature sur le rdle physiologique de l’acide 
ascorbique ne permettait d’établir la relation entre cette vitamine et la 
résistance au froid. Au cours de ces expériences, on n’avait inclus aucun 
supplément de vitamine C dans les régimes, puisque le rat fait la synthése 
de cette substance. Pourtant, les animaux exposés au froid et incapables de 
résister présentaient des lésions identiques a celles du scorbut. 

Cette constatation est a l’origine de toute une série de travaux publiés depuis 
1945, et par lesquels Dugal et ses collaborateurs ont démontré la nécessité 
de l’acide ascorbique dans la résistance et l’acclimatation au froid, aussi bien 
chez le rat qui en fait la synthése (28, 29, 30, 31) que chez le cobaye (30, 32, 33) 
et le singe (18, 22, 23, 24, 25) qui dépendent d’un apport exogéne de cette 
vitamine. Des vues d’ensemble de ces travaux ont été publiées dans des 
articles plus généraux (19, 20, 21, 66), et il semble bien qu’on ne puisse plus 
douter de l’action bienfaisante de l’acide ascorbique dans la résistance et 
l’acclimatation au froid, quelque soit le mécanisme de cette action. 


IV. Les relations thyroide-surrénales 


1. Médullo-surrénale et thyroide 
Nous avons déja étudié les relations entre la médullo-surrénale et la 


thyroide. Cet exposé nous avait amené a considérer les hormones thyroi- 
diennes comme essentielles 4 la manifestation de l'’action calorigéne de 
l’adrénaline. 
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2. Cortico-surrénale et thyroide 

L’hyperthyroidie engendre l’hypercorticalisme; c’est devenu une donnée 
classique de Vendocrinologie clinique et expérimentale. Inversement, les 
observations récentes de Freedman et Gordon (38) montrent que l’hypo- 
thyroidie induite par le thiouracil entraine une atrophie relative des surrénales. 
L’activité thyroidienne a donc un retentissement sur la fonction cortico- 
surrénalienne, en modifiant soit les besoins de l’organisme en hormones 
corticales, ‘soit l’efficacité de ces mémes hormones. 

Nous avons noté plus haut le rédle essentiel de la cortico-surrénale dans 
les processus d’adaptation au froid. Malgré l’opinion de Thibault (68), a 
savoir que le réle de la cortico-surrénale serait trés secondaire et dévolu 
uniquement aux hormones du métabolisme minéral, nous ne croyons pas que 
l’influence des hormones du métabolisme protéino-glucidique soit négligeable. 

Examinons de nouveau le réle de la cortico-surrénale en fonction de la 
thyroide. En 1943, Leblond et Gross (46) notaient que la thyroidectomie 
diminue, sans la prévenir, l’hypertrophie surrénalienne due au froid. Plus 
tard, Ershoff (35) observait que l’administration d’extraits corticaux ne favorise 
pas la survie des animaux hypothyroidiens exposés au froid, alors que quel- 
ques microgrammes de thyroxine ont a cet-égard une efficacité absolue. 
Ces données semblaient confirmer l’opinion de Thibault. En tout cas, il 
semblait, surtout aprés les travaux de Leblond et Hoff (47), de Baumann et 
Marine (1) et de Freedman et Gordon (37), que la diminution de I’activité 
corticale chez le rat hypothyroidien exposé au froid, par rapport au rat exposé 
au froid dont la fonction thyroidienne n’est pas entravée, était la conséquence 
de l’hypothyroidie. 

Récemment, Freedman et Gordon (38) ont montré que la réponse corticale 
a l’exposition au froid n’est pas diminuée, au contraire, chez le rat rendu 
hypothyroidien par le thiouracil. En étudiant le probléme d’un autre point 
de vue, nous avons pu constater (12) que l’hyperthyroidie peut se produire 
sans hypercorticalisme et l’activation de la surrénale sans hyperthyroidie 
chez le rat exposé au froid. Etant donné que, dans ces conditions, les effets 
des hormones corticales semblent modifiées, nous avons pensé que la thyroide 
et la cortico-surrénale doivent agir selon un certain équilibre pour assurer 
l’adaptation au froid. 

Pour compléter cet exposé, il est bon d’ajouter que si la fonction thyroi- 
dienne semble affecter les sécrétions de la cortico-surrénale, celles-ci sont aussi 
capables de modifier l’activité de la thyroide. Perry en 1951 (51) et Brown- 
Grant et ses collaborateurs, en 1954 et 1955 (4, 5, 6), ont montré que l’hyper- 
fonction de la cortico-surrénale et l’administration de cortisone diminuent 
l’activité de la thyroide, alors que Bondy et Hagewood (3), en 1952, observaient 
l’effet inhibiteur de la cortisone sur I’utilisation périphérique de la thyroxine. 

Si les hormones thyroidiennes sont essentielles 4 l’adaptation au froid, les 
gluco-corticoides surrénaliens nous apparaissent, 4 la suite de ces derniers 
travaux, comme des antithyroidiens dont l’excés dans l’organisme serait 
capable d’empécher l’adaptation en s’opposant 4 I’action bienfaisante des 
hormones de la thyroide. 
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V. Travail expérimental 


Cette hypothése de relations définies entre les hormones thyroidiennes et 


celles de la cortico-surrénale dans l’adaptation au froid est a l’origine du 
présent travail. 


1. Protocole expérimental 


Toutes nos expériences ont été effectuées sur des rats albinos m§les: de 
souche Wistar, pesant de 140 4 160 grammes. Des animaux normaux (N), 
surrénalectomisés (Sx), thyroidectomisés (Tx), ou a la fois privés de thyroide 
et de surrénales (TxSx) ont été soumis a des conditions expérimentales 
identiques. Divers traitements ont été administrés; acide ascorbique (A), 
a la dose de 150 mg. par jour, 4 raison de 75 mg. per os deux fois par jour; 
thyroxine-sodium, 4 la dose de 10 (T;) ou 40 (T2) microgrammes par jour, 
en une seule injection sous-cutanée; cortisone, 4 la dose de 1.25 mg. (C,), 
2.50 mg. (C2) ou 5.00 mg. (C3) par jour, en une seule injection sous-cutanée. 
Les animaux étaient tous nourris aux cubes ‘‘Purina” et a l’eau ad libitum. 

Les traitements furent initiés 24 heures aprés l’opération, qui représente 
le jour 0 de l’expérience, et continués jusqu’a la fin. Jusqu’au septiéme jour 
de l’expérience, les animaux étaient tous gardés dans une chambre isolée, a 
la température de 24.0+1.5°C.; au septiéme jour, certains animaux 
furent exposés au froid (F), a la température de 14.0+1.0°C., alors que 
les autres étaient laissés 4 24°. Tous les animaux ont été sacrifiés au 
quatorziéme jour de l’expérience. 

Nous avons suivi la croissance des animaux pendant toute la durée de 
l’expérience. A l’autopsie, nous avons prélevé les surrénales et la thyroide 
chez les animaux ol ces organes n’avaient pas été enlevés a l’opération, ainsi 
que le thymus de tous les animaux. Les thyroides prélevées a l’autopsie ont 
été fixées au Bouin, coupées a 5 uw et colorées au Mallory. Nous avons 
mesuré au micrométre la hauteur moyenne de |’épithélium vésiculaire dans 
dix vésicules de diamétre équivalent pour chaque thyroide; c’est cette mesure 
qui nous a servi de critére pour l’activité de la glande, compte tenu de 
l’apparence des cellules et de l'état de la colloide. Quant aux autres organes, 
surrénales et thymus, ils ont été disséqués avec soin et pesés sur une balance 
a torsion au 0.1 mg. 


2. Analyse des résultats 


Les observations que nous avons effectuées sont toutes consignées dans 
le tableau général ci-joint, dont la légende explique les traitements auxquels 
furent soumis les animaux. Nous avons cru opportun de représenter plus 
en détail l’évolution de la croissance dans les graphiques 1, 2, 3, 4, 5 et 6. 


(a) Animaux intacts 

Si nous examinons le graphique 1, nous constatons que ni l’exposition au 
froid, ni le traitement a l’acide ascorbique, ni la combinaison des deux 
n’affectent de fagon appréciable la croissance des animaux non-opérés. 
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TABLEAU I 














Gain de poids (g.) Thyroide 

Nombre Thymus hauteur de Surrénales 
Traitement de sujets 0-7 jours 7-14 hours poids en mg. l'épithélium (4) poids en mg. 
Aucun 12 33.5 33.2 380.9 + 26.81(') 8.36+0.20 30.54+2.23 
NA 6 30.2 32.7 372.7+13.10 9.15+0.28 31.8+1.18 
NF 15 36.4 27.9 297.44+27.94 14.69+0.37 36.3+1.54 
NAF . 9 30.2 19.9 355.4+25.90 12.25+0.18 35.44+2.26 
SxCz il $4.7 10.2 188.6+ 29.37 9.28+0.83 —_ 
SxCoF 9 13.3 13.1 84.6+ 9.53 12.02+0.42 — 
TxTiF 10 29.2 26.5 354.8+ 16.43 — 33.441.32 
TxSxCi 10 12.3 26.2 357.8+32.11 
TxSxCe 12 0.0 — 3.3 245.3+29.42 
TxSxCs 10 — 6.2 — 2.8 127.5+33.29 
TxSxCiA 10 15.1 17.8 347.6+30.13 
TxSxC2A 8 — 0.6 — 6.1 249.7+27.04 
TxSxCsA 9 — 4.6 —- 4.9 110.8+ 24.38 
TxSxCiF 9 14.7 —17.9 82.4+ 9.31 
TxSxC.F 10 3.5 —15.5 39.1+ 4.72 
TxSxC3F 9 - §.9 —13.8 22.1+ 3.41 
TxSxTiCiF 10 0.7 33.2 310.5 424.18 
TxSxTiCoF 8 — 7.9 31.1 165.1+16.52 
TxSxTiCsF 9 —26.3 17.8 33.14 §.11 
TxSxT:CiF 9 —14.2 42.9 300.6 + 26.41 
TxSxT2CoF 10 —27.4 33.2 111.9+41.73 
TxSxT2CsF 9 —33.4 30.1 41.9+ 4.28 





N—Normaux; Sx—Surrénalectomisés; Tx—Thyroidectomisés; F—Exposés au froid; 
A—Ascorbate de sodium; C:—Cortisone: 1.25 mg.; Cx—Cortisone: 2.50 mg.; C3—Cortisone: 
5.00 mg.; T:—Thyroxine Na: 10 wg.; T:x—Thyroxine Na: 40 ug.; (*) Ecart type. 


A l’autopsie, nous constatons que le traitement a l’ascorbate, qui n’a pas 
modifié la croissance des animaux laissés 4 24 degrés, est aussi sans effet sur 
le poids du thymus et des surrénales, de méme que sur la hauteur de 
lépithélium thyroidien. 

L’exposition au froid, sans retentissement sur la croissance, entraine 
cependant une augmentation significative de la hauteur de 1l’épithélium 
thyroidien (p <0.001) et du poids des surrénales (p <0.05), ainsi qu’une 
diminution du poids du thymus (p <0.05). 

L’administration d’ascorbate de sodium aux animaux exposés au froid 
entraine une diminution significative de la hauteur de |’épithélium thyroidien 
par rapport a la valeur trouvée chez les non traités au froid (p <0.001), 
bien que la valeur observée chez les traités demeure plus élevée que celle 
notée chez les témoins absolus (p <0.001). Le poids des surrénales n’est pas 
sensiblement modifié par le traitement, bien que, cette fois, l’augmentation 
par rapport aux témoins absolus ne soit plus significative (p >0.10). Notons 
de plus que la thymolyse est complétement bloquée chez ces animaux exposés 
au froid et traités a l’ascorbate. 


Nous retrouvons ici un fait bien connu: l’activation de la thyroide et des 
surrénales par le froid. Les résultats montrent que cet effet du froid peut 
étre partiellement inhibé par l’administration d’ascorbate de sodium. Si 
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GRAPHIQUE 1. 


ascorbique sur la croissance du rat normal. 


GRAPHIQUE 2. 


rat sans thyroide ou sans surrénales exposé au froid. 


GRAPHIQUE 3. 


Effets de l’exposition au froid (14°C.) et du traitement a l’acide 
Action respective de la thyroxine et de la cortisone sur la croissance du 


Effets de la cortisone a différentes doses sur la croissance du rat sans 


thyroide ni surrénales, traité ou non a l’acide ascorbique. 


GRAPHIQUE 4, 


thyroide ni surrénales, exposé au froid. 


Effets de la cortisone a différentes doses sur la croissance du rat sans 
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nous prenons la thymolyse comme mesure de l’efficacité des hormones corti- 
cales, nous constatons que celle-ci est modifiée par le traitement 4 l’ascorbate. 
Il semble bien que cette modification soit la conséquence d’un changement 
dans les relations thyroide—surrénales. 


(b) Animaux surrénalectomisés 


Chez les animaux sans surrénales (Sx), recevant 2.5 mg. (C2) de cortisone, 
nous constatons que la croissance est ralentie d’environ les deux tiers (graphi- 
que 2) et n’est pas influencée par l'exposition au froid. De toute évidence, 
l’équilibre métabolique est rompu par cette dose de cortisone dont I’effet 
catabolique ou antianabolique se fait sentir. 

L’autopsie nous révéle que le thymus s’est atrophié, méme 4a la température 
normale; c’est un indice de catabolisme. L’exposition au froid a intensifié 
l’effet catabolique de la cortisone, tout en activant la thyroide. Cet effet 
“conditionnant” du froid sur l’action thymolytique de la cortisone a déja 
été noté par Herlant (40) et retrouvé par nous dans des conditions analogues, 
de méme que I’activation de la thyroide (12). 


(c) Animaux thyroidectomisés 


La croissance des animaux sans thyroide et recevant 10 microgrammes de 
thyroxine par jour (TxT\F) est 4 peu prés normale malgré l’exposition au 
froid (graphique 2). Nous voyons aussi que la surrénale de ces animaux n’a 
subi qu’une trés légére hypertrophie et que la thymolyse est nulle. 

L’hormone thyroidienne, a la dose administrée, a donc assuré une croissance 
presque normale et supprimé les effets cataboliques du froid (thymolyse), 
médiés par les surrénales. 


(d) Animaux thyroidectomisés et surrénalectomisés 


Chez les animaux sans thyroide ni surrénales maintenus a la température 
normale, l’administration de 1.25 mg. de cortisone assure le maintien de la 
croissance 4 environ 50 % du taux normal (graphique 3), alors que les doses 
de 2.5 et 5.0 mg. sont légérement cataboliques. La croissance des animaux 
ainsi traités n’est pas modifiée par l’administration d’ascorbate de sodium. 
Si nous examinons le poids du thymus chez ces animaux, nous avons une 
confirmation trés nette des observations sur la croissance: seules, les doses 
de 2.5 et 5.0 mg. de cortisone sont cataboliques, sans effet appréciable du 
traitement a l’ascorbate. Chez des animaux sans thyroide ni surrénales et 
maintenus @ la température normale, \'ascorbate de sodium est impuissant a 
modifier les effets des hormones corticales. 

Chez les animaux sans thyroide ni surrénales exposés au froid (graphique 4), 
nous constatons que la dose de 1.25 mg. de cortisone, légérement anabolique 
a la température normale, devient catabolique au froid, alors que I’effet 
catabolique des autres doses est accentué par l’exposition au froid. Encore 
une fois, les résultats observés sur la croissance sont entiérement confirmés 
par l’examen du thymus, dont I’involution est considérable. 
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GRAPHIQUE 5. Action anticatabolique de la thyroxine chez le rat sans thyroide ni 
surrénales, exposé au froid et traité a la cortisone. 


GRAPHIQUE 6. Action anticatabolique de la thyroxine chez le rat sans thyroide ni 
surrénales, exposé au froid et traité a la cortisone. 


Lorsque nous administrons de la thyroxine 4 ces animaux, nous constatons 
que les effets cataboliques de la cortisone @ la température normale sont 
augmentés, d’autant plus que la dose de thyroxine est plus élevée: 10 
(graphique 5) ou 40 microgrammes (graphique 6). Fait plus remarquable 
encore, c’est que /’exposition au froid de ces animaux sans thyroide ni sur- 
rénales, traités 4 la fois par la thyroxine et la cortisone, induit chez eux un 
anabolisme trés net, bien que les hormones corticales, du moins aux doses de 
2.5 et 5.0 mg., aient conservé un effet catabolique évident au niveau du 
thymus. Cependant, cet effet est grandement diminué si on compare ces 
valeurs a celles que nous avons obtenues chez des animaux ne recevant pas 
de thyroxine. 


(e) Ensemble des résultats 


Chez les animaux surrénalectomisés maintenus a la température normale 
et recevant 2.5 mg. de cortisone (SxC2), le poids du thymus tombe a 188.6, 
avec une fonction thyroidienne en apparence normale. I1 faut donc en 
conclure que 2.5 mg. de cortisone représente une dose supérieure a la 
sécrétion normale de gluco-corticoides. 

Chez les animaux sans surrénales, exposés au froid et recevant aussi 2.5 mg. 
de cortisone (SxC;F), le poids du thymus n’est plus que de 84.6 mg. Cepen- 
dant, dans les mémes conditions de traitement, chez les animaux sans fonction 
thyroidienne (TxSxC:F), le poids du thymus tombe a 39.1. Il semble donc 
que, chez les animaux surrénalectomisés (SxC:F), l’augmentation de la 
fonction thyroidienne (p <0.001) ait été suffisante pour bloquer au moins 
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partiellement l’effet catabolique de la cortisone. D’autre part, la sécrétion 
thyroidienne ne dépasse probablement pas |’équivalent de 10 microgrammes 
de thyroxine par jour, puisque, avec cette dose de thyroxine et dans les 
mémes conditions expérimentales (TxSxT,C2F), l’inhibition de la thymolyse 
est beaucoup plus forte: 165.1 au lieu de 84.6 mg. 

Chez les animaux sans thyroide exposés au froid et recevant 10 micro- 
grammes de thyroxine (TxT,F), l’activité des surrénales (appréciée par le 
poids) n’est pas augmentée de facon significative et le poids du thymus se 
maintient 4 354.8 mg. Etant donné que, chez les animaux sans thyroide ni 
surrénales recevant la méme dose de thyroxine et 1.25 mg. de cortisone 
(TxSxT,CiF), le poids du thymus est de 310.5 mg., nous pouvons en déduire 
‘que, chez nos animaux thyroidectomisés a fonction corticale intacte (TxT,F), 
l’activité sécrétoire de la surrénale ne dépasse pas l’équivalent de 1.25 mg. 
de cortisone par jour. 


3. Discussion 


Que signifient tous ces résultats et quelles sont les principales conclusions 
que nous pouvons en tirer, en regard de ce que nous savons déja sur le réle 
de la thyroide, de la surrénale et de l’acide ascorbique dans 1|’adaptation 
au froid. 

Nous avons abondamment montré, dans la revue qui précéde l’exposé de 
nos résultats, que la thyroide joue un rédle de tout premier plan dans I|’adap- 
tation au froid. Les résultats que nous avons obtenus semblent bien con- 
firmer cette opinion. Nous rejoignons sensiblement les conclusions de 
Leblond (45), qui fixe 4 environ 6 microgrammes par jour les besoins du rat 
en hormones thyroidiennes dans des conditions de température trés voisines. 
Nos expériences sont une autre démonstration des besoins accrus en hormones 
thyroidiennes au cours de l’exposition au froid, puisque des doses de thyroxine 


qui s’avérent cataboliques 4 la température normale deviennent anabolisantes 
au froid. 


Que faut-il penser de ce fait? Si nous examinons attentivement les 
résultats de Freedman et Gordon (38), nous constatons que nos observations 
confirment les leurs: I’hypothyroidie favorise l’action des hormones corticales. 
En effet, dans leurs expériences, comme dans les nétres, la fonte thymique 
aprés exposition au froid est beaucoup plus accentuée chez les rats hypo- 
thyroidiens que chez les témoins a fonction thyroidienne non entravée. De 
méme, nos résultats confirment ceux de Greenberg et Aterman (39). Nous 
avons noté que la thyroxine augmentait l’effet catabolique des hormones 
corticales 4 la température normale. Ces auteurs ont obtenu des résultats 
analogues. Ainsi, aprés la premiére semaine de traitement, la croissance est 
beaucoup moindre chez leurs animaux traités simultanément par la cortisone 
et la poudre de thyroide. D’autre part, plusieurs de leurs résultats sur le 
poids du thymus indiquent une augmentation des effets cataboliques de la 
cortisone par l'extrait thyroidien. Nos résultats sont donc tout a fait 
conformes aux observations de ces auteurs. 
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Quelque soit le mécanisme par lequel agissent les hormones thyroidiennes— 
les conclusions de Thibault sur les relations thyroide—adrénaline nous semblent 
les plus plausibles—nous croyons a la prépondérance de I’influence thyroi- 
dienne dans les phénoménes de I’adaptation au froid. 


Que devient la surrénale dans tout ceci? Nos résultats antérieurs (12) 
avaient montré que l’administration de thyroxine, a la dose de 3 microgrammes 
par jour, a l’animal thyréo-prive n’empéchait pas l’hypertrophie de la 
surrénale au froid. Ce résultat confirme d’une certaine facon ceux de 
Freedman et Gordon (38), 4 savoir que l’hypothyroidie n’empéche pas la 
réponse de la surrénale au froid, puisque 3 microgrammes peut étre considéré 
comme une dose insuffisante de thyroxine chez |’animal exposé au froid (45). 
Nous en avions conclu que la réponse surrénalienne au froid était indépen- 
dante de la thyroide, et nous disions que “‘la surrénale peut étre activée par 
le froid sans hyperfonctionnement thyroidien’’. Nous pourrions ajouter, a 
la suite des résultats actuels, que la surrénale est activée par le froid a cause 
de l’insuffisance thyroidienne. En effet, chez nos animaux thyroidectomisés 
recevant 10 microgrammes de thyroxine, l’hypertrophie corticale est 
négligeable et la thymolyse a peu prés nulle. Ces résultats témoignent d'une 
fonction corticale sensiblement normale. Bien plus, chez ces animaux, la 
croissance n’est presque pas affectée. 


La réaction surrénalienne au froid nous apparait, ainsi que l’a déja montré 
Selye (63), comme une réaction d’alarme typique. Cependant, le froid ne 
deviendrait un ‘‘stress’’ que si la thyroide est insuffisante 4 répondre au 
besoin accru de l’organisme en hormones thyroidiennes. [1 semble donc que, 
chaque fois qu’il est possible de réaliser cette condition, soit que les besoins 
imposés par le froid ne dépassent pas la capacité réactionnelle de la thyroide, 
nous n’observons pas les manifestations caractéristiques de la réaction 
d’alarme; autrement dit, le froid n’est plus un ‘‘stress’’. D’autre part, une 
fois l’insuffisance thyroidienne installée et la réaction d’alarme mise en 
branle, les effets métaboliques peuvent devenir désastreux si les gluco-corti- 
coides sont produits en excés, étant donné que ces hormones sont susceptibles 
d’aggraver encore l’insuffisance thyroidienne, comme l’ont montré les 
travaux de Perry (51), Brown-Grant (4, 5, 6) et Bondy (3). 

Etant donné l’existence de ces relations thyroide-surrénales dans |’adap- 
tation au froid, de quelle fagon pouvons-nous envisager le réle de l’acide 
ascorbique? Dans une publication récente (12), nous émettiors l’hypothése 
que l’action antithymolytique de l’acide ascorbique, déja observée par Dugal 
(34) et confirmée par nous dans ce travail, pouvait étre due a l’effet anti- 
thyroidien de cette substance. En effet, nous avions alors observé que 
l’acide ascorbique prévenait l’hypertrophie de l’épithélium thyroidien chez 
l’‘animal exposé au froid, observation d’ailleurs confirmée dans le présent 
travail. Cependant, notre interprétation ne peut plus étrela méme. Etant 
donné que les hormones thyroidiennes sont nettement anticatabolisantes au 
froid et que l’acide ascorbique est lui-méme anticatabolique chez l’animal 
exposé au froid, il semble bien que I’effet de l’acide ascorbique soit plutédt de 
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favoriser l’action des hormones thyroidiennes, de conditionner en quelque 
sorte l’organisme 4 l’effet anabolisant des sécrétions de la thyroide. L’admi- 
nistration d’acide ascorbique serait donc capable, dans certaines conditions, 
de supprimer complétement la nécessité d’un hyperfonctionnement thyroidien 
au froid. Des expériences en cours dans notre laboratoire, effectuées sur des 
cobayes carencés en acide ascorbique ou gavés de cette substance, nous 
donnent déja une confirmation de cette hypothése. 

C’est donc en ce sens qu’il faut interpréter l’action antithyroidienne de 
l’acide ascorbique. Nous avons vu que dans ces conditions, c’est-a-dire 
lorsque l’on peut assurer a l’animal exposé au froid un apport suffisant 
d’hormones thyroidiennes, le froid n’est plus un “stress”. Ceci explique 
Vobservation de Dugal (34, 67), A savoir que, dans certaines conditions, les 
sympt6mes du “‘stress’’ sont supprimés par l’administration d’acide ascorbi- 
que a l’animal exposé au froid. 

Nous pouvons interpréter de la méme facgon nos résultats sur les modifica- 
tions de l’activité de la déshydrogénase succinique de la peau chez le rat 
exposé au froid. Dans ce travail (13), nous avons montré que I’activité de 
cet enzyme est augmentée par l’exposition au froid, et que cette augmentation 
est supprimée par l’administration d’acide ascorbique. 

Hoberman (43) a observé que les gluco-corticoides accélérent la dégradation 
des protéines et des acides aminés et que la synthése protéique a partir des 
acides aminés est diminuée en l’absence de thyroide. Chez l’animal exposé 
au froid, dont la thyroide est insuffisante et la fonction corticale exagérée, il 
est tout a fait dans l’ordre de supposer une augmentation du catabolisme 
protéique et de la dégradation des acides aminés. Ces phénoménes seront 
d’autant plus marqués que la thyroide sera plus déficiente. Dans ces 
conditions, nous aurons une accumulation de métabolites 4 trois carbones, qui 
trouvent leur voie d’oxydation dans le cycle de Krebs, d’oti augmentation de 
l’activité de la déshydrogénase succinique. L’administration d’acide ascorbi- 
que, favorisant l’action anabolisante des hormones thyroidiennes, rétablit 
l’équilibre métabolique, les métabolites diminuent et l’activité de la 
déshvdrogénase succinique redevient normale. 

C’est ce que nous avons observé, et, encore une fois, nos conclusions sur le 
réle de l’acide ascorbique dans |’adaptation au froid permettent |’interpré- 
tation de ce résultat. 

C’est donc au niveau de Il’action des hormones thyroidiennes qu’il faut 


rechercher |’effet anticatabolique de l’acide ascorbique chez l’animal exposé 
au froid. 


Pour résumer cette longue discussion, voici comment l’homéotherme 
exposé au froid réagira, en autant que se pose le probléme de la thermo- 
régulation chimique. 

Les hormones thyroidiennes étant les véritables agents de |l’adaptation 
au froid, l’hyperfonction thyroidienne devient essentielle. Si la fonction 
thyroidienne est insuffisante, le froid devient un ‘‘stress’”’ et nous observons 
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alors les symptémes de la réaction d’alarme, effets cataboliques caractéristi- 
ques d’une hypersécrétion de gluco-corticoides. L’administration d’acide 
ascorbique prévient la réaction d’alarme, en conditionnant I’action anaboli- 
sante des hormones thyroidiennes; le froid n'est plus un ‘‘stress’”’ et |’animal 
s’'y adapte. 

Plusieurs points de cette hypothése auraient besoin d’étre vérifiés; mais 
jusqu’a présent, elle est conforme a nos résultats et 4 ceux des auteurs qui 
ont étudié le probléme avant nous. Nous espérons que d'autres chercheurs 
reprendront cette étude de fagon a préciser davantage le mode d’action de 
l’acide ascorbique dans la régulation de la fonction thyroidienne, soit la 
synthése, la sécrétion et l'utilisation des hormones de la thyroide. 
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THE RESPIRATION OF ASCARIS LUMBRICOIDES EGGS! 
By RicHARD F. PASSEY AND DONALD FAIRBAIRN 


Abstract 


The rate of oxygen consumption of developing ascaris eggs decreased rapidly 
to a minimum after 1.5 days, and thereafter increased to a maximum at 10 days, 
when the embryos were vermiform. During the 10-20 day period, when the 
embryo matures and molts once in the egg, the respiration decreased steadily, 
and continued to decrease more slowly until at 140 days the rate was scarcely 
measurable. Nevertheless, the eggs remained viable and hatched readily in 
the mouse gut. Cytochrome ¢ and cytochrome oxidase could not be detected by 
direct assay or isolation. However, the high sensitivity of the respiration to 
carbon monoxide (in the dark), to cyanide, and to azide, and the low sensitivity 
to carbon monoxide (in the light) and to decreasing partial pressures of oxygen, 
indicated that oxidases such as the flavoproteins, phenolases, and peroxidases 
were unlikely respiratory catalysts, and that cytochrome oxidase, or a similar 
and hitherto undescribed enzyme, was the major component of the terminal 
respiratory enzyme system. 


In contrast with the surviving adult parasite, which satisfies most of its 
energy requirements by means of a complex fermentation, the developing 
eggs of Ascaris lumbricoides are obligate aerobes. The embryonic respiration 
was studied many years ago by Fauré-Fremiet (9) (in a related species, Ascaris 
megalocephala) and more recently by Brown (4) and Jaskoski (13) who agreed 
that the rate of oxygen consumption during development was essentially 
constant. In a careful investigation Bueding and Charms (5) were unable 
to find evidence for the existence of cytochromes or cytochrome oxidase in 
ascaris muscle or ovaries, although Keilin (14) and Keilin and Hartree (16) 
had reported that cytochrome ¢ was spectroscopically visible in muscle 
preparations, and also in ovaries if the tissue was first cooled in liquid air at 
—100°C. Apparently, however, no study has been made of the terminal 
respiratory enzymes of developing eggs. 


A constant rate of oxygen consumption by embryonating ascaris eggs 
would be unique, since it is weil-known from the results of studies with many 
other eggs that cell division is accompanied by an increased rate of respiration. 
In the present communication it will be shown that ascaris eggs are not 
exceptional to the general rule, and that previous reports were based on 
methods of determination which were ill-designed for rate measurement. 
The effects of oxygen tension and of certain inhibitors on the respiratory rate 
have also been examined, with results which are difficult to reconcile with 
our consistent failure to identify cytochrome or cytochrome oxidase by 
more direct methods. 


1 Manuscript received July 26, 1955. 


Contribution from the Institute of Parasitology, McGill University, Macdonald College, 
Quebec, with financial assistance from the National Research Council of Canada. 
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Methods 


Uterine eggs were collected and decoated as previously described (7). Egg 
weights, except where otherwise stated, refer to the weight of uterine eggs. The 
decoated eggs were incubated at 30°-31° C. with continuous shaking in 5 ml. 
of 1% sodium carbonate solution for periods ranging from one-half day to 
140 days, after which they were withdrawn and stored at 3° C. while awaiting 
experimental use. 

Manometric measurement of gas exchanges was usually made on 2 gm. 
samples of eggs (about 0.4 gm. of decoated eggs), suspended in a total volume 
of 3 ml., by Warburg’s direct method. A high shaking rate (120 per minute) 
was necessary for maximal response. With these large samples (6.6 X 10° 
eggs) the respiratory rate could be determined accurately in one hour at 30° C. 
Refrigeration for several weeks before such measurements were made did not 
affect the results. The eggs were prepared for manometry by aspirating the 
carbonate medium, replacing it with 0.2 N hydrochloric acid, and shaking 
the mixture for 30 min. They were then suspended in a little 0.1 N acid 
containing 0.05% of a non-ionic detergent (Tween 80) and _ transferred 
quantitatively to the manometer flasks. Eggs incubated for 25 days or more 
were washed twice with sodium carbonate solutior to remove contaminating 
microorganisms, which, however, were never present in very large numbers. 
The weight of unembryonated decoated eggs was obtained by drying portions 
of an homogenate im vacuo at room temperature. Viability of eggs incubated 
for 140 days was determined by oral administration of two drops of a heavy 
suspension to young adult male mice, followed after 2.5 hr. by examination of 
the cecal and intestinal contents for evidence of hatching. 

Vacuum techniques were used in the preparation of mixtures of oxygen, 
nitrogen, and carbon monoxide, and in the introduction of gas mixtures into 
Warburg flasks (31). Gas exchanges in the eggs were not affected by these 
manipulations. Carbon monoxide was generated by dropwise addition of 
90% formic acid to concentrated sulphuric acid at 100°C. The gas was 
scrubbed with dilute alkali before being collected in gas bottles. The nitrogen 
used was a commercial, prepurified (99.9%) grade. Hydrogen cyanide 
concentrations in egg suspensions were established by diffusion (one hour at 
30°) from a center-well mixture of potassium cyanide and potassium hydroxide 
solutions, the concentrations of which at this temperature were derived 
graphically from Robbie’s data (24). Whenever necessary the manometer 
flasks were illuminated through their bottoms by the reflected light of a 200 w. 
photoflood reflector lamp (General Electric Co.). 


The effect of carbon monoxide on the development of eggs was investigated 
by direct gassing of the experimental flasks. Cyanide and azide were added 
as solutions of their sodium salts. In aqueous or acid solution the Bunsen 
absorption coefficient for hydrogen cyanide is so large (32), and the equilibrium 
partial pressure in the gas atmosphere is so low, that in a closed system at 
30° C. no correction for losses of gas to the vapor phase is necessary. This 
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circumstance was assumed to apply also to hydrazoic acid, which like hydrogen 
cyanide is infinitely soluble in water at 30°C. Effective illumination of 
flasks in egg development studies was obtained by wrapping the flask bottoms 
with aluminum foil and placing a 100 w. incandescent lamp about four inches 
above the flask tops. 

Spectroscopic observations were made with the Hartridge reversion 
spectroscope. Spectrophotometric measurements were carried out with the 
Beckman Model DU instrument equipped with a photomultiplier attachment. 
The method of Potter and DuBois (21) was applied to the isolation of 
cytochrome c. Cytochrome oxidase was assayed by the manometric methods of 
Stotz (27) and Schneider and Potter (25) and the spectrophotometric methods 
of Cooperstein and Lazarow (6) and Hess and Pope (11). All egg homogenates 
were prepared in an ice bath, and were used immediately and without any 
preliminary dialysis. The cytochrome ¢ used in these assays was prepared 
from beef heart (15) and standardized spectrophotometrically (6). 


Results 


The results to be described must be considered with the following facts in 
mind. First, developing embryos become vermiform after 10 days’ incubation 
at 30° C., with the embryos undergoing one molt in the egg during the succeed- 
ing 10 days. Second, the egg is cleidoic, and normally exchanges only gases, 
and possibly water, with its environment. Third, no satisfactory method is 
available for the quantitative hatching of the living embryo, although the 
dead larvae can be obtained (8) by methods which include brief warming to 
70°. Fourth, the embryo comprises a small fraction of the total egg weight. 
For example, 1 gm. of fresh uterine eggs provides approximately 0.22 gm. 
of fresh decoated eggs, or 0.10 gm. dry weight, which in turn consists largely 
of shell and extraembryonic solids (8). In subsequent calculations it will be 
assumed that the dry weight of the 10-day embryos comprises 3.0% of the 
fresh uterine egg weight, or 14% of the fresh decoated egg weight. Thus in 
egg homogenates the protoplasm is unavoidably diluted with large amounts 
of inert matter. 

Rate of Oxygen Consumption 


The curve in Fig. 1 shows the rate of oxygen consumption of ascaris eggs 
at various stages of development and survival ranging from zero to 140 days. 
Each point represents the rate measurement obtained in one hour from 2-gm. 
samples, and the curve describes the mean values obtained from five experi- 
ments, only one of which covered the full 140 day period. The rates are 
expressed in terms of dry weight of the decoated unembryonated eggs, and are 
proportional to the rates per egg or per unit nitrogen content, but not to the 
rates per unit dry weight of the sample at the time the measurements were 
made. The dry weight decreases steadily as the endogenous food reserves are 
metabolized, and is not a useful unit of measurement. Clearly, the rate of 
oxygen consumption is not constant, but decreases rapidly to about half its 
initial value during the first 36 hr., and increases thereafter to a maximum at 
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Fic. 1. The rate of oxygen consumption of ascaris eggs during embryonation and 
survival at 30°C. Each of the five different symbols represents a single experiment. 
Oxygen consumption expressed in ul./mgm. dry weight of decoated, unembryonated 
eggs/hr. Stage I (0-2 days), embryo with 1-4 cells; II (2-6 days), 4 cells, morula; III 
(6-10 days), morula-vermiform embryo; IV (10-20 days), vermiform embryo-infective 
embryo; V (20-140 days), surviving infective embryo. 


twice the initial value after i0 days, when the embryo is vermiform. From 
the 10th to the 25th day it decreases rapidly, and then declines more slowly 
to a very low level at 140 days. These last rates were so low that accurate 
measurements were not possible, and in addition some destruction of the eggs 
by microorganisms had probably taken place. This loss, however, was not 
extensive, as samples of 140-day eggs contained 83% of the nitrogen found in 
unembryonated eggs. These aged eggs were quite viable, as determined by 
in vivo hatching experiments. Thus, the gut contents of mice inoculated 
respectively with 25- and 140-day samples contained 60 and 65% of hatched 
or hatching larvae. 

The close relation between the rate curve in Fig. 1 and the curves (which 
are not true rate curves) presented by other workers (4, 13) was established by 
graphical integration of the area under the curve during the first 10 days of 
development. The curve derived in this way (Fig. 2) was similar to those 
previously reported as a result of direct experiments, and can be readily 
misinterpreted as representing an essentially constant respiratory rate. 

Rates of carbon dioxide production are not presented because the direct 
method of determination was unsatisfactory for this purpose. It was observed 
in all experiments that the rate of carbon dioxide evolution increased for 
15-45 min. after the preliminary 20 min. equilibration period, and thereafter 
became constant. It appeared therefore that the rate of carbon dioxide 
evolution depended to some extent upon the partial pressure of this gas. In 
general, however, the appearance of carbon dioxide paralleled the disappear- 
ance of oxygen, at a somewhat lower level. 
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curve was obtained by integration of the area under the curve shown in Fig. 1 during 
successive 24-hr. periods. 


Cytochrome c 


No highly sensitive method is available for the isolation or determination 
of cytochrome c. Because, as stated above, ascaris embryos comprise a 
relatively small part of the total egg solids, it was not expected that spectro- 
scopic observations on whole eggs or homogenates would reveal the presence 
of cytochromes, and this conjecture was confirmed by experiment. Indeed, 
no absorption bands of any kind were seen upon examination with the reversion 
spectroscope. Keilin and Hartree (16) reported that absorption bands of 
various substances were considerably intensified at low temperatures, and in 
this way were able to detect in ascaris ovaries cytochome ¢ which was not 
visible at higher temperatures. Unfortunately it was not possible to make 
use of this technique in the present investigation. 

Potter and DuBois (21) described a procedure for the isolation of cytochrome 
c whose lower limits were tested by the cytochrome c content of the developing 
chick embryo. The values reported were 3 uwgm. per gram fresh weight in 
10-day embryos, and 6 wgm. in 17-day embryos. This method was applied 
to the concentration of any cytochrome present in embryonating eggs, using 
fairly large quantities of material. For this purpose 1.8 gm. (dry weight) of 
10-day embryos were isolated from 60 gm. of eggs by a method previously 
described for 28-day embryos (8). These embryos were then subjected to 
the isolation procedure, which involved extraction with dilute trichloroacetic 
acid, and precipitation of interfering pigments, followed by precipitation of 
any cytochrome c by means of 8% trichloroacetic acid. The final extract was 
clear and colorless, and exhibited no absorption of any kind in the visible 
spectrum. 
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Cytochrome Oxidase 


Manometric methods for the estimation of cytochrome oxidase in tissue 
homogenates depend upon the oxidation of electron donors such as hydro- 
quinone, ascorbic acid, or p-phenylenediamine by added cytochrome c, which 
in turn transfers electrons to cytochome oxidase and oxygen. Such methods, 
although usually adequate, are considerably less sensitive than spectrophoto- 
metric methods, in which changes in the concentration of reduced cytochrome 
c, acting as the primary electron donor, are measured by following the changes 
in the extinction coefficient at 550 mu. 

Two spectrophotometric methods (6, 11) differing chiefly in the preparation 
of the tissue, homogenate were applied to 10-day ascaris eggs with uniformly 
- negative results. Both methods were satisfactory when applied to rat heart, 
liver, or lung, and homogenates of these tissues were neither inhibited nor 
activated by egg homogenates. The precision of measurement was such that 
active cytochrome oxidase occurring in a concentration equal to 0.2% of 
that of rat heart muscle would be detected. 

Manometric measurements carried out with hydroquinone (27) as the 
primary electron donor were also negative. In these experiments the amounts 
of tissue in terms of dry weights of embryos ranged from 7 to 16 mgm. in a 
final volume of 3 ml. More concentrated suspensions were impracticable 
because of increasing viscosity. Other experiments in which p-phenylenedi- 
amine (0.05 M) was substituted for hydroquinone, with the assays being 
made as described by Schneider and Potter (25), were occasionally positive, 
but the oxygen consumption was small and erratic, and as a result no con- 
clusion was drawn. The peculiar properties of p-phenylenediamine in the 
measurement of cytochrome oxidase activity were dealt with by Slater (26) 
and will be referred to in the discussion. 

In no instance was any endogenous oxygen consumption by phosphate- 
buffered egg homogenates observed. Because of this the customary dialysis 
of homogenates, whose purpose it is to reduce the endogenous respiration, was 
omitted. Evidently the respiratory enzyme system in ascaris eggs, whatever 
may be its nature, is completely inactivated under conditions of homogeniza- 
tion which do not wholly inactivate the cytochrome oxidase of vertebrate 
tissues. 


Effect of Oxygen Tension on Respiration 


Failure to detect cytochromes or cytochrome oxidase by direct tests led 
to the exploration of indirect methods which might provide information 
leading to the identification of the terminal respiratory enzymes. It is known, 
for example, that maximum activity of the cytochrome oxidase system (34), 
in contrast with that of the flavin enzymes (28) and phenolases (30), occurs 
at very low partial pressures of oxygen. The effect of oxygen tension upon 
respiration of ascaris eggs was therefore investigated. 

Two-gram samples of eggs embryonated for 0, 3, 5, 10, 20, or 25 days were 
transferred to Warburg flasks and their oxygen consumption was determined 
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(at one atmosphere total pressure) in partial pressures of oxygen ranging 
successively from 9 to 760 mm. Rate measurements were made at 15-min. 
intervals for one hour, except at the lowest oxygen concentration, in which 
measurement was restricted to two 15-min. intervals. The respiratory rate 
of eggs in air remained constant over the entire experimental period of several 
hours, and for eggs at any given stage of development the results at each 
partial pressure of oxygen were calculated as a percentage of the rate in air. 
It was found that the results were very similar in all stages examined, and in 
Fig. 3 a single curve is fitted to all the experimental points. The affinity of 
ascaris eggs for oxygen is high, for the respiratory rate in 20 mm. of oxygen 
was half the rate in air (160 mm. O.). In this respect, therefore, the results 
point to the involvement of cytochrome oxidase rather than to other oxidases, 
and imply also that there is no major change in the nature of the respiratory 
enzymes during development of the eggs. It may be mentioned that the 
recorded partial pressures of oxygen refer only to the environmental gas, and 
not to the interior of the egg, where the partial pressure is unknown. At low 
partial pressures the concentration of oxygen within the egg is quite possibly 
very small indeed because of the limitation imposed upon diffusion by the heavy 
egg shell. Another point of interest is the slight (about 10%) increase in 
respiratory rate, at a partial pressure of one atmosphere, in eggs which had 
been embryonated for 0, 3, 5, and 10 days. This might arise from a higher 
rate of diffusion, but on the other hand it might be the result of the greatly 
increased activity, in pure oxygen, of minor amounts of phenolases, 
peroxidases, or flavin enzymes. 
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Fic. 3. The effect of the partial pressure of oxygen on the rate of oxygen consumption, 
Eggs previously embryonated for 0, 3, 5, 10, 20, and 25 days represented by O, A, @, 
©, ®, and O, respectively. 
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Effect of Cyanide, Azide, and Carbon Monoxide 


A high degree of sensitivity to cyanide, azide, and carbon monoxide is 
characteristic of cytochrome oxidase. The experiments to be reported were 
concerned with the effect of these substances on the development of 
unembryonated eggs, and on the respiratory rate of 10-day eggs. 


The development experiments were made on small (0.2 gm.) samples of 
eggs. These were shaken for two to three days in 5 ml. of 0.1 N sulphuric 
acid or sodium hydroxide in 50-ml., rubber-stoppered, Erlenmeyer flasks 
containing appropriate concentrations of cyanide or azide added as the 
sodium salts, or of carbon monoxide — oxygen mixtures added by thorough 
gassing. The addition of sodium cyanide to acid solutions was made at 0°, 
and control flasks in the carbon monoxide experiments contained nitrogen 
instead of carbon monoxide. Having been examined for development the 
cyanide and azide-treated eggs were washed overnight at 3° with dilute acid 
and then were returned to the incubator for observations on the reversibility 
of the inhibition. 

The results (Table I) may be stated as follows. Undissociated hydrogen 
cyanide and hydrazoic acid are powerful inhibitors of development, whereas 
relatively high concentrations of cyanide and azide ions, which probably are 
unable to penetrate the egg shell, are almost without effect. Retarded 
development caused by hydrogen cyanide reverts to normal when the cyanide 
is removed, but the effects of hydrazoic acid are not reversible. Higher 
concentrations of either inhibitor result in irreversible changes in the undevel- 
oped egg. In experiments which are not included in Table I, it was found that 
partially developed eggs are at least as sensitive to these two inhibitors as 
are unembryonated eggs. Inhibition by 90% carbon monoxide is complete 
if the eggs are kept in darkness. In strong light, however, the inhibition is 
slight. The dark inhibition is almost completely reversed by illuminating 
the flasks containing the eggs. The significance of these experiments will be 
referred to later. 

The effects of hydrogen cyanide and carbon monoxide on egg development 
were paralleled by their effects on the oxygén consumption of embryos. 
Two-gram samples of eggs were equilibrated for one hour at 30° in 3 ml. of 
0.1 N sulphuric acid in Warburg flasks containing appropriate mixtures of 
alkaline cyanide in the center-well. Readings were then made at 15-min. 
intervals for one hour, after which the flasks were removed from the mano- 
meters and the center-well mixture replaced by 20% potassium hydroxide. 
The flasks were returned to the manometers and equilibrated for one hour in 
order to allow time for complete absorption of cyanide into the alkali. 
Subsequent measurement of oxygen consumption was compared with that of 
eggs which had not been exposed to cyanide. Eighty-seven and 4% inhibition 
were observed, respectively, in 4.6 X 10-* M and 4.6 X 10-* M hydrogen 
cyanide (Fig. 4). Half-inhibition occurred in 1.42 XK 10-* M solution. The 
inhibition was completely reversible in all the more dilute cyanide concentra- 
tions, but only partly reversible (to 32% of the control respiration) in 
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Fic. 4, Inhibition by hydrogen cyanide. 


4.6 X 10-* M solution. Thus, at 30°, in air, it seefns that no large fraction 
of the embryonic respiration is cyanide insensitive, and the high sensitivity 
and reversibility of the inhibition strongly suggest that cyanide inhibits 
respiration and development by combining with a metal enzyme. 

The effect of carbon monoxide — oxygen mixtures on respiration was 
determined on dilute suspensions (0.4 gm. of 10-day eggs in 3 ml. final volume) 
in order that all the eggs in each flask could be brightly lighted when desired. 
As the respiratory rate is suboptimal at low partial pressures of oxygen 
(Fig. 3), the observed respiration in each carbon monoxide — oxygen mixture 
was compared with that of a suitable nitrogen — oxygen control. The 
combined gas absorption caused by the slow reaction between carbon monoxide 
and the center-well alkali, or the eggs themselves, was also determined in 
other control flasks containing an appropriate mixture of carbon monoxide 
and nitrogen, and the necessary correction made. 

Carbon monoxide partially inhibited the oxygen consumption of 10-day 
eggs in darkness, but not in light, and the dark inhibition was completely 
reversible. These features appear clearly in Fig. 5. Control and experimental 
flasks were alternately illuminated and darkened for 40 min. intervals. 
Cytochrome oxidase is the only well-known enzyme which responds to carbon 
monoxide in this manner. Additional information was obtained by investi- 
gating the effect of higher partial pressures of carbon monoxide on the 
embryonic respiration, and calculating the partition coefficient (K) as defined 
by Warburg and Kubowitz (33). This coefficient is derived by assuming 
that in darkness oxygen and carbon monoxide compete for the ferrous iron 
in an enzyme, and that in mixtures of carbon monoxide and oxygen the 
observed respiration is proportional to the amount of enzyme which is not 
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Fic. 5. Dark inhibition of respiration by 90% carbon monoxide. 


TABLE II 


DARK INHIBITION OF RESPIRATION BY CARBON MONOXIDE 








CO . n - . aa é CO 
O, (Qo, (inhibited )/Qo, (control)) 1—n ~ J—n O, 
9 0.57 0.43 11.9 
19 0.39 0.61 12.2 
49 0.23 0.77 14.6 





combined with carbon monoxide. In Table II the K values calculated from 
the observed respiration in gas mixtures containing 90-98% carbon monoxide 
are shown to be reasonably constant. Similar results were presented by Ball 
et al. (2) for a purified heart muscle preparation of cytochrome oxidase. 


Discussion 


The complexity of the rate curve describing oxygen consumption during 
embryonic development and survival of ascaris eggs is apparent in Fig. 1, 
which is based on short-term measurements on large numbers of eggs. A 
gradual increase in respiratory rate, accompanying cell division and reaching 
a maximum in this instance after 10 days, in consonant with general embryo- 
logical knowledge. The initial decrease in rate to a minimum value after 
36 hr., and the less precipitous but even more extensive decline after the 
embryo has become vermiform can perhaps be ascribed to features related 
respectively to the essentially anaerobic metabolism of the adult female 
parasite, resulting in an oxygen debt in the fertilized uterine eggs, and to the 
ability of the embryonated egg to survive for many months. This, however, 
is conjecture. A decreased respiratory rate commencing on the 10th day of 
embryonation was also reported by Brown (4). A simple calculation reveals 
that the oxygen consumed during the first 10 days by 1 gm. (dry weight) of 
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decoated eggs (Fig. 2) would account for the complete oxidation of 154 mgm. 
of glycogen, from which it is obvious that respiration cannot continue long at 
this rate if the embryo is to survive. On the assumption, discussed earlier, 
that the dry weight of the 10-day embryo is 3% of the uterine egg wet weight, 
the Qo, (ul. oxygen consumed per mgm. dry weight of embryo per hour) at 
10 days (Fig. 1) is 2.7. Pollak and Fairbairn (20) found that the Qo, of 
ovary homogenates or slices was 0.55, whereas Laser’s (18) value for the 
whole worm was about 0.4. Thus the respiratory rate of the embryo, although 
low when compared with that of many other animal tissues, is high relative to 
the maternal tissues. Integration of the rate curve during the first 10 days 
of development results in a curve (Fig. 2) similar to the integral curves reported 
_by others (4, 13) as the result of direct measurement. The erroneous con- 
clusion that the respiratory rate is almost constant during development of the 
egg is therefore attributable to the employment of unsuitable methods. 

Any conclusion regarding the nature of the terminal respiratory enzymes in 
ascaris eggs must take account of the facts that by direct test neither 
cytochrome ¢ nor cytochrome oxidase could be detected, whereas all the 
indirect evidence points to the presence of cytochrome oxidase or to a similar, 
and hitherto undescribed, enzyme. ; 

There are certain limitations in established methods for the determination 
of cytochrome c and cytochrome oxidase which must be recognized. There 
is, for example, no really sensitive method for the detection of cytochrome c, 
with the possible exception of spectroscopy in liquid air (16), and even this 
method would be insufficient to establish the physiological function of cyto- 
chrome c. In vertebrate tissues such as lung, in which the cytochrome 
concentration is low, an isolation technique such as that described by Potter 
and DuBois (21), followed by enzymatic determination, is satisfactory. It 
does not follow, however, that these acid extraction methods are universally 
applicable. Indeed, Goddard (10) preferred to use alkaline extraction for 
the isolation of cytochrome c from wheat germ embryos. In sea urchin eggs 
the presence of cytochrome oxidase is easily demonstrated enzymatically, 
whereas cytochrome c has not been observed (3). 

Methods for the determination of cytochrome oxidase are also open to 
suspicion when applied to tissues differing greatly from those described in the 
original methods. This enzyme is very labile, insoluble, and can be 
determined in homogenates of vertebrate tissues only under carefully specified 
conditions. Ascaris egg homogenates are optically dense and viscous, prob- 
ably because of their high fat content, and unlike most homogenates of 
vertebrate tissues do not respire. That the addition of cytochrome c, either 
in the presence or absence of hydroquinone or ascorbic acid, does not induce 
respiration may be due to the absence of cytochrome oxidase from the egg, or 
to the physicochemical character of the homogenate, in which the added 
electron donors cannot reach the insoluble oxidase. In some experiments 
phenylenediamine in the presence of cytochrome c and homogenate did 
promote a small oxygen consumption, but the results were too erratic to be 


PASSEY AND FAIRBAIRN: RESPIRATION 1045 


accepted as evidence for the presence of the oxidase. According to Slater (26) 
however, phenylenediamine has the singular ability of reaching the insoluble 
cytochrome c present in small amounts in heart muscle oxidase preparations 
under conditions where hydroquinone and ascorbic acid are inactive as 
electron donors. The occasional activation of ascaris egg homogenates by 
this compound is therefore deserving of further study. 

The inhibition of development of A. megalocephala eggs by cyanide was 
reported by Zawadowski (35), who also concluded that there was a significant 
cyanide insensitive respiration. This latter conclusion is not supported by 
our investigation of A. lumbricoides eggs. At about the same time 
Resnitschenko (22) observed that ascaris eggs are quite insensitive to alkaline 
cyanide solutions and correctly ascribed this property to the impermeability 
of the egg membranes to anions (23). More recently Huff and Boell (12) and 
Monaco (19), showed that unembryonated and 2-4 celled eggs were cyanide 
sensitive. 

The effects of oxygen tension, azide, cyanide, and carbon monoxide lead to 
the conclusion that the flavoproteins, peroxidases, and phenolases, in so far 
as their properties are understood at present, can make no important 
quantitative contribution as respiratory catalysts in unembryonated or 
embryonating eggs maintained in air at 30°C. Thus, some flavoproteins are 
poisoned slowly and irreversibly by cyanide (1), but are not inhibited by 
carbon monoxide. Ascaris eggs, however, are poisoned rapidly and reversibly 
by cyanide, and by carbon monoxide in the dark. It is true that phenolases 
react with carbon monoxide, but the reaction is not photosensitive (17), and 
peroxidases, which are poisoned by cyanide and azide, remain unaffected by 
carbon monoxide under physiological conditions (29). Similarly, flavoproteins 
and phenolases become more active as the partial pressure of oxygen is 
increased to at least one atmosphere, whereas ascaris eggs are essentially 
saturated with oxygen at low partial pressures. In this connection it is 
interesting that Laser (18), in studying the respiration of living ascarides, 
observed that the rate of respiration in pure oxygen was about three times the 
rate in air. The responses of the whole worm and of the embryonating egg to 
variations in oxygen tensions are therefore strikingly different. 

The inhibition of respiration by carbon monoxide in the dark, and the 
photosensitivity of this inhibition, provide much the strongest evidence for 
the presence in ascaris eggs of cytochrome oxidase or a similar enzyme. So 
far as is known photosensitive inhibition by carbon monoxide in living tissues 
is specific for cytochrome oxidase. For the present therefore, and despite 
lack of direct evidence, it is necessary to attribute the terminal respiratory 
catalysis to this, or to an unknown and very similar enzyme system. 
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OPTIMUM RATIO OF SATURATED TO MONO-UNSATURATED 
FATTY ACIDS IN RAT DIETS! 


By C. Y. Hopkins, T. K. Murray, Anp J. A. CAMPBELL 


Abstract 


Fat mixtures were prepared in which the content of linoleic acid was held 
constant at approximately 10% of the total fatty acids, but the ratio of saturated 
to mono-unsaturated acids was varied from 3.5:1 to 1:8. These mixtures 
were added to a low-fat fox chow diet at the rate of 20 parts fat to 80 parts fox 
chow and the resulting mixtures were fed to weanling rats in one experiment 
and to semiadult rats in another. The feeding period was nine weeks. In both 
experiments the male rats showed significant differences in final weight between 
the diets. Best weight gains were made on the fat mixture in which the fatty 
acid ratio was close to that of normal rat depot fat, viz. one part of saturated 
acid to two parts of mono-unsaturated acid. Female rats did not show signi- 
ficant differences in weight gain on the various fat mixtures. Excretion of lipid 
in the feces showed a tendency to increase with increasing ratios of unsaturated 
to saturated fatty acids in the diet. 


Introduction 


A study of the importance of fat in animal diets centers on the fatty acids 
since they constitute, as glyceryl esters, about 98% of ordinary edible fat. 
Edible fatty acids may be classified into three groups: saturated, monoenoic, 
and dienoic. It has been shown that linoleic, the common dienoic acid, is an 
essential dietary factor for some species of animals, including rats (4). How- 
ever, the addition of linoleic acid to fat-free diets will not promote optimum 
growth (6). There is evidence that excess linoleic acid is undesirable or even 
harmful (5, 11, 13). A very high proportion of saturated acids in the diet is 
likewise undesirable. It may result in poor fat absorption (1, 2, 12), reduced 
rate of growth (15), liver damage (15), or, in some circumstances, cardiac 
damage (8). Saturated acids of higher molecular weight than palmitic are 
not fully absorbed (3, 9). Oleic acid, the most common monoenoic acid, can 
be fed in large amounts without ill effect (11). 

Thus it appears that an ideal dietary fat would contain a large proportion 
of oleic acid with lesser amounts of linoleic and saturated acids. There is, 
however, no direct information regarding the optimum ratio of these three 
constituents. The present work was planned as the initial step in determining 
the optimum ratio of saturated acids to oleic acid, at one level of linoleic acid, 
using the growth of rats as a criterion. 


Materials and Methods 


The basal diet was a commercial fox feed.* In Experiment 1 the feed was 
ground and defatted by extraction with petroleum ether, while in Experiment 2 
unextracted feed was used. The fats were edible grades of coconut oil, corn 


1 Manuscript received July 26, 1955 
Contribution from the Division of Pure Chemistry, National Research Council, and the 
Department of National Health and Welfare, Ottawa, Canada. Issued as N.R.C. No. 3759. 
Presented at the meeting of the American Chemical Society at Cincinnati, Ohio, on March 30, 1955. 
* Master Fox Starter Mash, Toronto Elevators Ltd. 
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oil, and olive oil, obtained from commercial sources. They were mixed on 
the basis of their known average composition so as to give the desired ratios 
of fatty acids shown in Table I. The properties of the fat mixtures are given 
in Table II. These mixtures were incorporated into the fox feed in the ratio 
of 20 parts of fat to 80 parts of fox feed. 

In Experiment 1, 25 male and 25 female weanling rats were fed the low-fat 
depletion diet shown in Table III in an attempt to render them fat deficient. 
Vitamins A, D, and E were administered weekly in 0.1 ml. of corn oil. Since, 
after 17 wk. on this diet, the rats were still gaining weight slowly, their food 
intake was restricted until they had lost 20% of their body weight. The 
rats were then divided into five groups equally distributed according to weight, 
litter, and sex. One group was fed the basal diet (defatted fox feed) and each 
of the other four groups was given the basal diet plus one of the fat mixtures 
listed in Table I. All of the test rats received the same amount of food, the 
amount being governed by the smallest eater among them. The control 


TABLE I 


APPROXIMATE FATTY ACID COMPOSITION OF DIETARY FAT MIXTURES 








Per cent of total fatty acids 








Proportions 
Diet Components by wt. Saturated* Oleict Linoleic 

1 Coconut oil 77 70 20 10 
Corn oil 23 

2 Coconut oil 61 60 30 10 
Corn oil 23 
Olive oil 16 

3 Coconut oil 25 30 60 10 
Corn oil 12 
Olive oil 63 

4 Corn oil 10 10 80 10 
Olive oil 90 





* The content of stearic acid is approximately two per cent of the total fatty acids in each of 
the fat-containing diets. 


t+ Small amounts of other monoenoic acids are included under oleic. 


TABLE II 


PROPERTIES OF DIETARY FAT MIXTURES 











Iodine Peroxide Refractive 
Diet value value index, 25° C. 
1 36.4 0.9 1.4592 
2 47.7 as 1.4612 
3 70.5 Ue 1.4650 
4 89.6 7.8 1.4680 
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group received extra defatted fox feed so that this diet was equal, calorically, 
to the others. The weekly supplements of vitamins A, D, and E were 
continued. All animals were weighed three times weekly and the experiment 
was continued for nine weeks. 

In Experiment 2, 40 male and 40 female weanling rats were divided equally 
among four groups with regard to weight, litter, and sex. They were fed the 
four fatty diets described in Table I except that the basal diet was not defatted. 
The total fat content of each diet was 22.5% by weight. The feed was 
provided ad libitum and feed consumption records were kept. All animals 
were weighed three times per week and the experiment continued for nine 
weeks. In this experiment an additional group of 10 males was fed a diet 
identical to diet 3, except that the coconut oil in the fat mixture was replaced 
by bayberry tallow (diet 3B). This group was put on test three weeks after 
the other four groups. 

Feces were collected for one week during Experiment 2 and dried. Neutral 
lipid and free fatty acids were extracted in a Soxhlet with petroleum ether. 
The residual feces, in the Soxhlet cup, were covered with a solution of 5 
volumes of glacial acetic acid in 100 volumes of petroleum ether and let stand 
for two hours to convert soaps to free acids. The free acids were removed 
by continuing the extraction with the acidified petroleum ether. 


TABLE III 


COMPOSITION OF FAT DEPLETION DIET 














Component % 
Cornstarch, raw 70 
Casein, vitamin-free 18 
Brewers’ yeast 8 
Salt mixture, U.S.P. XII 4 

Results 


The mean final weights of the rats in Experiment 1 are given in Table IV. 
Mean growth curves are shown in Fig. 1. Weight gains of rats receiving the 
“‘fat-free’’ control diet were lower than those of any other group but since the 
purpose of the experiment was to compare the various fat mixtures, the data 
from this group have not been included in the statistical analysis. Sexes 
have been considered separately. 

An analysis of variance of the data from the four diets containing fat 
indicated that there was a significant difference in the final weights of males 
fed the various diets. The weight difference necessary for significance was 
13.9 gm. and on this basis diet 3, which gave the greatest weight gain, was 
clearly superior to diets 1 and 2. Diet 4 was superior to diet 1. Since, in 
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TABLE IV 
MEAN FINAL WEIGHT OF RATS 


Experiment 1 








a eS Diet a Control, 
1 2 3 4 low-fat 
Final wt., males, gm. 243 251 275 264 235 
Final wt., females, gm. 186 187 191 185 180 
Saturated acids in dietary fat, % 70 60 30 10 — 





Differences between final weights greater than 13.9 gm. are significant at P = 0.05 (males). 


this experiment, feed consumption was equal for all rats, the final weights were 
directly related to feed efficiency. Palatability had no influence on the results. 
Weight differences between females in the various groups showed the same 
trend as those of the males but were not significant. 
In Experiment 2, weanling rats were used and their average weights, tibia 
lengths, and feed efficiencies after nine weeks on test are shown in Table V. 





280 


260 


240 


220 


BODY WEIGHT (Gm.) 


200 














l L l | 
180 2 3 6 8 
WEEKS 


Fic. 1. Mean growth rate of male rats, Experiment 1. 
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Growth curves are shown in Fig. 2. As in Experiment 1, there were no 
significant differences in weight between the groups of females. There was a 
significant difference between the final weights of male rats on the various 
diets. Diet 3 again gave the greatest weight gain, being clearly superior to 
diets 1 and 4 in this respect. Diet 2 gave significantly greater gains than 


TABLE V 


MEAN FINAL WEIGHT, TIBIA LENGTH, AND FEED EFFICIENCY OF RATS 














Experiment 2 
Least 
difference 
Diet required for 
significance 
1 2 3 4 (P = 0.05) 
Final weight, males, gm. 197 212 219 192 19.7 
Final weight, females, gm. 152 152 149 147 oo 
Tibia length, males, mm. 37.2 37.5 37.7 36.4 0.8 
Tibia length, females, mm. 34.8 34.5 34.6 34.4 _- 
Wt. gain/100 gm. feed, males, gm. 30.9 30.2 31.9 31.4 —_ 
Wt. gain/100 gm. feed, females, gm. 26.9 27.9 26.1 25.8 _ 
Saturated acids in dietary fat, % 70 60 30 10 
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Fic. 2. Mean growth rate of male rats, Experiment 2. 
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TABLE VI 
LIPID IN FECES, GM. PER RAT, PER WEEK 
Experiment 2 
Wt. of feces, gm. Neutral lipid + Fatty acids from Total lipid in 
(moisture-free) fatty acids, gm. soaps, gm. feces, gm. 
Diet Males Females Males Females Males Females Males Females 
1 12.9 9.3 0.46 0.23 1.29 0.54 hte 0.77 
y 12.7 10.1 0.53 0.27 1.18 0.57 1.71 0.84 
3 16.2 10.8 0.84 0.30 1.26 0.50 2.10 0.80 
4 15.0 13.4 1.07 0.51 1.21 0.76 2.28 1.27 
3B 17.0 oa 0.96 — 2.38 — 3.34 —- 





diet 4. Differences in tibia lengths followed the same pattern as body weights. 
Weight gains and feed efficiency of the group which was fed the diet containing 
bayberry tallow were almost identical to diet 3. The results from this group 
have not been included in the analysis of variance. 

In this experiment, feed was provided ad libitum. In terms of feed 
efficiency, differences between groups were not significant although the means 
showed the same general trend (Table V). - 

The amounts of neutral lipid and free fatty acids extracted directly from 
the feces with petroleum ether, as well as the fatty acids recovered after 
acidifying, are shown in Table VI. The portion extracted directly tended to 
increase from diets 1-4, while the fatty acids recovered from the feces after 
acidifying showed little variation. 

The final weights of the animals in the two experiments are commared 
in Fig. 3. 
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Fic. 3. Mean final weight of male rats. 
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Discussion 


Diet 3 was chosen to have, as nearly as possible, the composition of normal 
rat depot fat, on the hypothesis that the best dietary fat would be similar to. 
the fat stored by the animal as its reserve supply. This assumption appears 
to have been confirmed, at least for male rats, for diet 3 promoted greater 
weight gains in both experiments. In Experiment 1 this was a result of higher 
feed efficiency since intake was the same for all diets. In Experiment 2 both 
feed efficiency and palatability have influenced the final weights. 

The difference in growth rate of the females on different diets was not 
statistically significant in either experiment. It must be concluded that 
female rats can metabolize a wider variety of fat mixtures than males. The 
sex difference in fat utilization, observed previously by Greenberg (7) and. 
Deuel (6), has thus been confirmed here. : 

The disadvantage of high saturated acid content (diet 1) in respect to 
growth rate is again confirmed by the present work. While others have shown 
the adverse effect of stearic and higher acids, it is evident here that the shorter- 
chain acids (below Cis) also retard growth when present in excess. Stearic 
acid was not a factor in our experiments since it was present to the same minor 
extent in all four diets, namely about two per cent of the total fatty acids. 
Similarly, palmitic acid was present in relatively small proportion, about 
10-12% of the total fatty acids, in test diets 1-4. In diet 3A, which was 
identical to diet 3 except that the coconut oil in the fat mixture was replaced 
by bayberry tallow, the palmitic acid content was about 21% of the total 
acids. Weight gains and food efficiency of this group were almost identical 
to those of diet 3. It would appear, therefore, that the growth-retarding 
effect must result from the saturated acids in toto and not from the higher 
ones alone. 

The adverse effect of a very high unsaturated acid content (diet 4) was 
quite marked in the experiment with weanling rats but not with the semiadult 
rats. In Experiment 2 (weanlings), where feeding was ad libitum, diet 4 was 
not freely eaten, so that the poorer gain was, in part, a result ,of lower 
palatability. : 

The lipid content of the feces was in the normal range. The males excreted 
about twice as much lipid as the females, although their weight was only 
one-third greater. This is another indication of the difference between sexes 
in lipid metabolism. 

The neutral lipid plus free fatty acids in the feces, i.e., the portion extracted 
directly by petroleum ether, appeared to increase from diets 1 to 4, in parallel 
with the increasing proportion of oleic acid. This is similar to the results of 
Sperry and Bloor (14) who found that, with dogs, the excreted lipid was 
greater on an olive oil diet than on coconut oil. In addition, they found that 
the increase was mainly in unsaponifiable matter (included here in neutral 
lipid). 

The quantity of feces and the fecal lipid were relatively high on diet 4 for 
both males and females. In conjunction with other observations, this may 
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indicate that the proportion of unsaturated acid in dietary fat 4 was higher 
than the optimum. Diet 3B, containing bayberry tallow with a considerable 
content of palmitic and stearic acids (10), gave a higher output of fatty acids 
in the feces than the diets containing coconut oil, as would be expected. 

The results of the present work, although derived from a small number of 
fat mixtures, provide evidence for an optimal ratio of saturated to mono- 
unsaturated fatty acids in the diet of the male rat. The relatively small 
differences in growth rate denote that the ratio is not critical and that the 
animal can utilize a fairly wide range of fat mixtures of this type without 
seriously affecting its growth rate. 

The best mixture of those tested had the proportions: saturated acids 30%, 
oleic acid 60%, linoleic acid 10%. A fat of this composition would be useful 
as a standard component of basal diets where factors other than fat are 
under study. 
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METABOLISM OF RADIOACTIVE £-(3,4-DIHYDROXYPHENYL)- 
ALANINE-a-C" IN THE ALBINO RAT! 


By JOsEPH PELLERIN AND ANTOINE D’IorIOo 


Abstract 


When pbi-3,4-dihydroxyphenylalanine-a-C™ (pDL-dopa-a-C™) was injected into 
rats, 80% of the radioactivity was recovered from urine and 2% from respiratory 
carbon dioxide. The urine was examined by descending paper chromatography 
and the following radioactive substances have been identified: dopa, hydroxy- 
tyramine, 3,4-dihydroxyphenylpyruvic acid, and 3,4-dihydroxyphenylacetic 
acid. The urinary hydroxytyramine is partially conjugated, presumably as a 
glucuronide or as a sulphate. Evidence is also presented which indicates that 
5,6-dihydroxyindole is one of the metabolites present in urine. Radioactive 
oo or norepinephrine could not be detected in either urine or suprarenal 
gland. 


Introduction 


In 1928 Holtz (12) found in mammalian tissues an enzyme which can 
decarboxylate dopa to yield 3-hydroxytyramine (dopamine). He gave the 
name of dopa decarboxylase to this new enzyme. Two years later, Gale (6) 
isolated from Streptococcus faecalis R another enzyme, tyrosine decarboxylase, 
which can also decarboxylate dopa. Similar enzymes have been identified in 
various other bacterial species. In all cases pyridoxal phosphate acts as 
coenzyme (8, 20), and furthermore these enzymes are specific for the L-isomer 
(3). The kidney and the liver are particularly rich sources of dopa decar- 
boxylase (10), but some activity has also been reported in adrenal medulla 
of ox (13) and pig (18). 

In 1939 Blaschko (4) put forward the view that the dopa decarboxylase 
might be responsible for the decarboxylation of dopa as a step in the 
biosynthesis of epinephrine and norepinephrine. However, dopa has never 
been detected in the normal mammalian organism, although Goodall (7) 
using paper chromatography demonstrated the presence of dopa in the 
adrenals of thyroidectomized sheep. West (21) claimed that treatment of 
rats with desoxypyridoxine to produce a pyridoxine deficiency does not allow 
dihydroxyphenylalanine to accumulate in the suprarenal glands, kidneys, 
or liver. 

Injection of pL-dopa into rats leads to urinary excretion of hydroxytyramine 
in quantities that account for D- and L-dopa (11). With guinea pigs, only the 
hydroxytyramine corresponding to the L-isomer appears in the urine. Presum- 
ably some mechanism, other than direct decarboxylation, is responsible for 
converting the D-isomer of dopa to hydroxytyramine in rats. 

Recently, Jones (5) has shown that oral administration of large doses of 
dopa into rabbits caused the urinary excretion of 3,4-dihydroxyphenylacetic 
acid and homovanillic acid. It was suggested that the latter arose from the 


1 Manuscript received July 7, 1955. 


Contribution from the Laboratoire de Physiologie, Université de Montréal, Montreal, 
Quebec. 
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methylation of the meta-hydroxyl group. Such methylation occurs also in the 
case of some other phenolic hydroxy! groups like that of protocatechuic and 
caffeic acids. 


Experimental 


In the present experiment six rats (Sprague-Dawley) each weighing 
approximately 150 gm. were injected intraperitoneally with 2 mgm. of 
DL-dopa-a@-C™ (chromatographically pure purchased from Nuclear, Chicago), 
which has a specific activity of 5.5 XK 10° c.p.m. per mgm. The animals were 
then placed in a glass cage and respiratory carbon dioxide and urine were col- 
lected for a 24-hr. period. At the end of this period the rats were killed by 
severing the cervical cord, the bladder emptied, and the adrenals and the 
spleen removed. The urine and the organs removed were stored at —10° C. 
while awaiting further treatment. 

The radioactivity of the respiratory carbon dioxide was determined follow- 
ing precipitation as barium carbonate. The urinary constituents were 
studied by means of descending paper chromatography. All assays were 
conducted simultaneously in three solvents: (a) n-butanol: acetic acid: 
water, 4:1:2.5 (17); (0) n-butanol: 1 N hydrochloric acid, 4:1 (9); 
(c) benzyl alcohol: acetic acid: water, 5 : 2 : 2. : 

The chromatography was carried out on Whatman No. 1 paper for a 24-hr. 
period at room temperature. Whatman No. 4 paper was also used with 
butanol: 1 N HCl. During this time, the various solvents ran approximately 
40 cm. from the starting line. The solutions to be chromatographed, urine or 
tissue extracts, were adjusted to pH 3 and concentrated im vacuo to a small 
volume. Following centrifugation, a few microliters of supernatant were 
spotted on the paper. The general procedure was to apply on the starting 
line, 4 cm. apart, two identical spots both containing the unknown solution 
plus one or several control substances. 

The control substances selected were suspected metabolites of dopa and 
their Ry values were calculated by this procedure. The papers were then 
humidified by suspension in a water-saturated atmosphere for 15 min. 

Upon completion of the chromatographic separation the papers were dried 
overnight in the hood at room temperature and cut vertically in two equal parts. 
The first half to be used in localizing the position of the control substances 
was examined under ultraviolet light then sprayed with a potassium ferri- 
cyanide solution. The second half to be used for the study of the distribution 
of the radioactivity was cut horizontally in 1 cm. strips. These strips were 
eluted with 0.1 N HCland the radioactivity of the dried eluates was measured 
in a gas flow counter. 

The material present in a radioactive spot on the paper was considered 
positively identified when the R; value of this peak was similar in all three 
solvents with that of an added pure compound used as control. 

The adrenals and the spleen were homogenized in concentrated HCI then 
centrifuged. The supernatant extracts were adjusted to pH 3, concentrated 
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in vacuo, and chromatographed as previously described. Control compounds 
were dissolved in HCl pH 3 which is optimal for their chromatographic 
separation. 

Samples of urine were acidified by the addition of an equal volume of 
1 N HCI and hydrolyzed by refluxing for one hour. Enzymatic hydrolysis 
of urine was also carried out with a crude preparation of B-glucuronidase of 
rat liver mitochondria at pH 5.5 for two hours. This enzyme was prepared 
by incubating a suspension of small liver mitochondria in pH 5 phosphate 
buffer during 45 min. at 37° C. and centrifuging. The supernatant fraction 
contains several enzymes of which 6-glucuronidase and sulphatase are two. 

In another experiment, two rats weighing approximately 150 gm. were 
injected twice daily for five days with 0.4 mgm. of pL-dopa-a-C". The 
animals were killed 24 hr. after the last injection. The total urine of the 
five-day period was adjusted to pH 3, concentrated in vacuo to a small volume, 
and chromatographed as previously described. The suprarenals and the 
spleen were also excised and chromatographed after having undergone a 
similar treatment. The liver, kidney, viscera, and carcass were denaturated 
with 10% trichloracetic acid. The trichloracetic-acid-insoluble residues were 
hydrolyzed with 20% HCl during 24 hr. and centrifuged after cooling. The 
radioactivity of the supernatants was measured in a windowless flow counter 
to check the incorporation of radioactivity in the proteins. 


Results 


Distribution of the Radioactivity 

The urine was found to contain approximately 80% of the injected radio- 
activity. Less than two per cent of the radioactivity was eliminated as 
respiratory carbon dioxide, which means that less than two per cent of the 
injected dopa is oxidized beyond carbon 2 of the side chain. 


Ry; Values of Control Compounds 

Pure substances suspected to be metabolites present in urine and organs 
were chromatographed in the different solvent systems and the calculated 
Ry; values are listed in Table I. The best chromatographic separation was 
obtained with benzyl alcohol: acetic acid: water. This solvent is very 
effective in separating dopa, noradrenaline, and adrenaline, but the R; values 
of adrenaline and hydroxytyramine are identical. In order to separate these 
two compounds, butanol: 1 N HCl and butanol: acetic acid: water were 
used. 


R; Values and Relative Radioactivity of Urinary Constituents 

The radioactivity present in the urine was distributed among seven peaks 
in each of the three solvents. The respective Ry; values and per cent of 
radioactivity of these peaks are given in Table II. Four peaks have been 
positively identified: dopa, hydroxytyramine, 3,4-dihydroxyphenylacetic 
acid, and 3,4-dihydroxyphenylpyruvic acid. Dopa corresponds to peaks 2A, 
2B, and 2C; hydroxytyramine to peaks 4A, 4B, and 3C; 3,4-dihydroxy- 
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TABLE I 


Ry VALUES OF CONTROL SUBSTANCES 











Solvent A Solvent B Solvent C 
BuOH: aceticacid: BzOH: Acetic acid: BuOH: 1 N HCl 
Compounds water (4 :1:2.5) water (5:2: 2) (4:1) 
3,4-Dopa 0.40 0.35 0.22 
Norephinephrine 0.47 0.44 0.13 
Epinephrine 0.53 0.58 0.20 
N-methyl-3,4-dopa 0.49 0.48 0.31 
3-Methoxy-4-hydroxy- 0.53 0.53 0.31 
phenylalanine 
Hydroxytyramine 0.58 0.58 0.28 
Epinine 0.62 0.66 0.31 
Adrenalone 0.62 0.63 0.29 
ee nn eenpincetic 0.81 0.73 0.68 
aci 
re 0.30 0.22 0.56 
aci 
Glycine 0.31 0.32 0.07 





* This compound has been synthetized according to an unpublished method of Dr. A. Neuberger. 


TABLE II 


Ry VALUES AND RELATIVE RADIOACTIVITY OF URINARY CONSTITUENTS 














Solvent A Solvent B Solvent C 

BuOH: acetic acid: BzOH: acetic acid: BuOH: 1 N HCl 

water (4:1 :2.5) water (5:2: 2) (4:1) 
% urinary % urinary % urinary 
Peak No. Ry radioactivity Ry radioactivity Ry radioactivity 

1 A 12 ee 13 .07 15 
2 32 20 31 18 “aa 13 
3 -42 9 .40 8 By + | 24 
4 ona 25 .55 17 at 5 
5 .67 5 61 10 mS | 11 
6 Be ej 4 .75 4 .68 4 
7 .85 16 .85 15 .80 14 





phenylacetic acid to peaks 6A, 6B, and 6C; 3,4-dihydroxyphenylpyruvic acid 
to peaks 1A, 1B, and 5C. The substance corresponding to peaks 7A, 7B, and 
7C is extractable with ether or ethyl acetate, slightly soluble in benzene, 
insoluble in petroleum ether, and exhibits an intense green fluorescence when 
the paper is illuminated with an ultraviolet lamp. It also gives a brownish- 
red spot when the paper is sprayed with p-dimethylaminobenzaldehyde. 

Noradrenaline also migrates in positions similar to spots 3A and 3B but it 
was not identical with any of the spots obtained from urine in solvent C. 
The other peaks do not correspond to any of the following tested substances: 
N-methyl-3,4-dopa, 3-methoxy-4-hydroxyphenylalanine, adrenaline, epinine, 
adrenalone, and glycine. Repeated injections of dopa-a-C™ for five days 
did not alter the distribution of radioactive urinary metabolites. 
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Influence of Hydrolysis on the Distribution of Urinary Radioactivity 

Acid or enzymatic hydrolysis does not alter qualitatively the distribution 
of the radioactivity in the butanol: acetic acid: water and in the butanol: 
1 N HCl solvent systems. In benzyl alcohol: acetic acid: water, the peak 
No. 5 disappears and that of hydroxytyramine (peak No. 4) is proportionately 
increased (Table III). Since our 8-glucuronidase preparation contains also 
sulphatase, the hydroxytyramine may thus be conjugated asa glucuronide or 
as a sulphate. Furthermore, acid hydrolysis slightly decreases the radio- 
activity of peaks 1A, 1B, and 5C, each of which corresponds to 3,4-dihydroxy- 
phenylpyruvic acid, and increases to a slight extent that of 3,4-dihydroxy- 
phenylacetic acid (peak No. 6) and that of peak 7 in all chromatographic 
systems. 


TABLE III 


RADIOACTIVITY OF URINARY CONSTITUENTS FOLLOWING HYDROLYSIS CHROMATOGRAPHIC 
SOLVENT SYSTEM: BzOH: ACETIC ACID: WATER (5:2 : 2) 








Acid hydrolysis Enzymatic hydrolysis 








Without hydrolysis (0.5 N HCl) (8-glucuronidase) 
% of the urinary % of the urinary % of the urinary 
Peak No. Ry radivactivity radioactivity radioactivity 

1 oe 15 10 14 
2 oan 18 16 19 
3 .40 8 7 7 
4 ao 17 26 25 
§ .61 10 _— — 
6 45 4 7 4 
7 .85 15 21 16 





Incorporation of Radioactivity in the Proteins 


Even after prolonged treatment with DL-dopa-a-C" no radioactivity could 
be detected in tissue proteins of the rats. This result suggests that neither 
dopa nor any of its metabolites behave as a natural amino acid in this respect. 


Nature of the Radioactivity in Adrenals and Spleen 


The total acidic extracts of adrenals and spleen of animals treated with 
DL-dopa-a-C" for five days presented an activity of 450 c.p.m. ard 530 c.p.m. 
respectively. Paper chromatography of these extracts failed to reveal the 
presence of radioactivity in the normally occurring catecholamines, epinephrine 
and norepinephrine, and in dopa or hydroxytyramine which have never been 
detected in adrenals or spleen of albino rats. The radioactivity was evenly 
distributed along the paper with no identifiable peak. However, in spite of 
this apparent trailing a good separation of adrenaline and noradrenaline was 
accomplished as revealed by spraying the paper with ferricyanide and ferric 
sulphate. These two hormones were especially investigated to verify 
Blaschko’s hypothesis in regard to the participation of dopa in their biogenesis. 
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Discussion 


Holtz (12) found that D- or L-dopa injected into rats is decarboxylated to 
hydroxytyramine to the same extent. This result cannot however be 
explained by the presence of dopa decarboxylase (3), which is specific for the 
L-isomer. In our experiments we have found but 18% of the injected pL-dopa 
in the urinc, which means that at least some of the D-dopa has been 
metabolized. The exact mechanism is however unknown but one can 
postulate an oxidative deamination or a transamination of the D-isomer. 
Since in the present experiment 13% of the urinary radioactivity is due to 
3,4-dihydroxyphenylpyruvic acid, it becomes evident that the injected 
DL-dopa-a@-C"™ is deaminated by the organism. It is possible that p-dopa can 
also be deaminated as can numerous amino acids. Pogrund et al. (16) have 
reported that the injection of 3-hydroxyphenylpyruvic acid into rats leads to 
the urinary excretion of 3-hydroxyphenylethylamine. This implies reamina- 
tion of the keto acid followed by decarboxylation. Analogous reactions may 
be postulated for 3,4-dihydroxyphenylpyruvic acid. 

Conjugated hydroxytyramine has been demonstrated only in benzyl alcohol: 
acetic acid: water. In this particular solvent, peak 4 (17%) corresponds to 
free hydroxytyramine, and peak 5 (10%) to conjugated hydroxytyramine. 
However, conjugated hydroxytyramine cannot be separated from the free 
compound in butanol: acetic acid: water and in butanol: 1.N HCl. This 
means that, in the latter solvents, conjugated hydroxytyramine is either 
hydrolyzed during chromatography or the R; values of both conjugated and 
unconjugated compounds are identical. 

The absence in urine of N-methyl-dopa, epinine, and 3-methoxy-4-hydroxy- 
phenylalanine suggests that no methylation occurs on the amino group or the 
m-hydroxyl group of dopa. 

The substance corresponding to peak 7 may contain an indole or a pyrrole 
ring since it gives a brownish-red color when the chromatogram was sprayed 
with p-dimethylaminobenzaldehyde. According to Mason (14), the formation 
of 5,6-dihydroxyindole is a step in the oxidation of dopa by tyrosinase. This 
compound is soluble in ether, slightly soluble in benzene, insoluble in petroleum 
ether, and gives a coloration with p-dimethylaminobenzaldehyde as does our 
unknown substance (1). Nothing has been reported about its fluorescence but 
some analogous substances, 3,5,6-trihydroxy-1-methylindole and 5,6-dihydroxy- 
1-methylindole, are intensely fluorescent (15). Our unknown compound could 
not be the 5,6-dihydroxyindole-2-carboxylic acid because this substance is only 
slightly soluble in ether and does not react with p-dimethylaminobenzaldehyde 
(2). Both the solubility tests and the color reactions suggest that the com- 
pound corresponding to peaks 7A, 7B, and 7C may be 5,6-dihydroxyindole. 

Using C™ labelled phenylalanine and tyrosine, Udenfriend (19) has found 
that the rate of formation of adrenal epinephrine was very slow. The half 
life of adrenal epinephrine was about nine days in rats. In our experiments 
norepinephrine and epinephrine have not been detected in adrenals even after 
a prolonged treatment. It may be possible that dopa formed in situ in 
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adrenal medulla is immediately utilized for the biosynthesis of adrenaline 
while exogenous material is largely catabolized by other routes. Also it may 
be that the newly formed adrenaline does not accumulate in the adrenal gland. 

The data presented in this paper indicate three in vivo catabolic pathways 
of 3,4-dihydroxyphenylalanine: (a) decarboxylation to form hydroxytyramine, 
(6) deamination to form 3,4-dihydroxyphenylpyruvic acid, (c) a possible 
oxidation to form 5,6-dihydroxyindole. 
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NOTE 





ABSENCE OF INCREASED CORTICOID EXCRETION WITH THE STRESS OF 
PERCEPTUAL DEPRIVATION 


By C. W. Murpnuy, E. Kur.ents, R. A. CLEGHORN, and D. O. HEBB 


Various noxious stimuli and situations currently subsumed under the term 
stress have been shown to cause activation of the adrenal cortex (3,9). This 
includes emotionally disturbing circumstances such as frustration (6), psychi- 
atric interviews (10), saline injections (4), and a wide variety of other circum- 
stances (3). It has become generally accepted that any disagreeable situation 
will “fire the adrenals’, but such a generalization is not justified. Recent 
work described by Thorn, Jenkins, and Laidlaw (11) indicates that many of 
the stimuli apparently effectively exciting the adrenal cortex to secrete in 
lower animals such as anoxia, cold, and exercise do not do so in man. Further- 
more, these and others’ observations cast doubt on conclusions based on 
eosinophile changes alone, particularly in man. 

The results to be presented here add one more instance in support of the 
general thesis that many situations designated as stresses fail to activate the 
adrenal cortex in man if one uses the stricter criterion of an increase in the 
urinary excretion of 11-oxycorticoids. This does not mean that other stressful 
experiences do not activate the adrenal cortex and the evidence currently at 
hand indicates that many which do have a large emotional component. For 
example, Browne (2) and Rizzo et al. (8) have documented instances of 
emotional outbursts leading to a vastly increased excretion of corticoids. In 
severely disturbed mental patients, Reiss (7) has described changes in the 
daily steroid excretion of 60 to 200%, whereas the daily fluctuation is only of 
the order of + 20%. 

Our observations are the outcome of experiments investigating the effects 
of long periods of perceptual deprivation being conducted in the department 
of psychology (1). In these experiments, the subjects, paid male volunteers, 
lay on a bed situated in an 8 X 4 X 6 ft. air-conditioned cubicle. Goggles 
which allow diffuse light to pass through were worn to limit visual perception. 
Gloves and cardboard tubes on the arms, extending to the finger tips, limited 
tactile freedom. The subject was allowed to get up to eat or go to the toilet 
and at these times the tubes and gloves were removed, but not the goggles. 
The individuals were asked to stay in the situation of perceptual deprivation 
as long as they wished and there was naturally some challenge to persist and 
thereby to earn money and kudos. The length of stay for the nine men in 
this study was one and a half to six days. A number of psychological tests 
involving problem solving were given during the experiment, but otherwise 
no entertainment or alleviation of the situation occurred. The subjects gave 
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up when they felt they could endure the circumstances no longer. Some were 
overtly distressed and complained of hallucinations. The conditions might 
therefore be considered stressful. 

The nature of the experiment made it unusually easy to collect urine for 
the estimation of 11-oxycorticoids. This was done in eight-hour quantities 
throughout the subjects’ stay in isolation. Urine was also collected on a 
control day, in eight of the subjects only. The other one failed to co-operate. 
During this day, the subjects engaged in ordinary activities. The corticoid 
content of each specimen was performed by the Heard-Sobel method (5), with 
the modification that the urine was allowed to stand at pH 1 for 24 hr. at room 
temperature before extraction. 

Analysis of the urine showed no consistent increase in the excretion of 
corticoids during the subjects’ period of perceptual deprivation. In three 
experiments, there was a slight trend to an increased excretion towards the 
end of the period of isolation, of the order of 30% which is probably within 
the limits of normal variation. In the first of these there were no data from 
a control day. In the second the control day value was lower and in the 
third the values on the control day exceeded any observed during the six 
days incarceration endured by the subjects. Obviously, there are not enough 
data to yield a conclusive answer or to subject the findings to statistical 
treatment. However, one may safely conclude that the corticoid excretion 
is not consistently or at any time markedly increased with this type of sus- 
tained perceptual deprivation, though there is no doubt that the situation 
toward the end of tne experimental period was extremely unpleasant and that 
the subjects on the whole felt that they were being tried to the utmost. 

There is no doubt that, as far as our data go, it appears that under these 
circumstances the adrenal cortex is not activated to a greater degree than it 
is by the minor exigencies of every day life. 
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CORRECTIONS 


Volume 32, page 517. In Table II, the figures in the last column under ‘‘Dopa 
decarboxylase”’ should read as follows from top to bottom: 165, 42, 112, 53, 100, 23. 


Volume 32, pages 612-614 and 616, 617. The captions for the figures appearing on these 
pages should read as follows: 


Fic. 1. Adsorption of vitamin A alcohol, acetate, and palmitate 
on sodium bentonite. -- Alcohol; ——————— Acetate; ......... 
Palmitate. 

Fic. 2. Absorption curve of vitamin A alcohol and anhydro form. 
--- Vitamin A alcohol; —————— Anhydro form; .......... 
Mixture of equal weights of the two forms. 

Fic. 3. Skellysolve B extracts of sodium bentonite treated with 
vitamin A. --- a min.; —————— 5 min.; .......... 15 min. 
+s 30 min.; -- - 120 min. 


Fic. 4. Observed and calculated curves for a mixture of the 
alcohol and anhydro forms of vitamin A. -—--- Observed curve; 
————— Calculated curve. 





Fic. 5. Product extracted from bentonite. 


—— Crude 


> a Oxygenated product; --- Recrystallized product. 
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Volume 33, page 64. In line 3 of the section ‘Preparation of methyl-a-p-glucopyranoside”, 
“‘*hydrochloric acid” should read ‘‘hydrogen chloride”. 


Volume 33, page 423. The following explanatory note should be added at the foot of 
the page. 
Note: In the preparation of ninhydrin-hydrindantin reagent, the 


aqueous acetate buffer solution should be added only after the ninhydrin 
and hydrindantin have been dissolved completely in the methyl cellosolve. 


Volume 33, page 671. In Table IV, the figure for thyroid weight in column A should be 
83 and in column B should be 77. 


Volume 33, page 673. 4 
In line 5, “experiment 1’’ should read “experiment 2” and ‘‘and the effect almost 
attained” should read ‘“‘although the effect did not attain’. 


In line 8, ‘experiment 2”’ should read “experiment 1”’, 


In line 9, ‘‘this experiment” should read ‘‘these experiments’”’. 
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Notes to Contributors 
Manuscripts 
(i) General 

Manuscripts should be typewritten, double spaced, on paper 8} X 11in. The original 
and one copy are to be submitted. ‘Tables and captions for the figures should be placed 
at the end of the manuscript. Every mi of the manuscript should be numbered. 

Style, arrangement, spelling, and abbreviations should conform to the usage of this 
journal. “Names of all simple compounds, rather than their formulas, should be used in 
the text. Greek letters or unusual signs should be written plainly or explained by marginal 
notes. Superscripts and subscripts must be le gible and carefully placed. 

Manuscripts and illustrations should be carefully checked before they are submitted. 
Authors will be charged for unnecessary deviations from the usual format and for changes 
made in the proof that are considered excessive or unnecessary. 

(ii) Abstract 

An abstract of not more than about 200 words, indicating the scope of the work and 

the principal findings, is required, except in Notes. 
(iii) References 

References should be listed alphabetically by authors’ names, numbered, and typed 
after the text. The form of the citations should be ‘that used in this journal; in references to 
papers in periodicals, titles should not be given and initial page numbers only are required. 
All citations should be checked with the original articles, and each one referred to in the text 
by the key number. 

(iv) Tables 

Tables should be numbered in roman numerals and each table referred to in the text. 
Titles should always be given but should be brief; column headings should be brief and 
descriptive matter in the tables confined to a minimum. Vertical rules should be used only 
when they are essential. Numerous small tables should be avoided. 


Illustrations 
(i) General 
All figures (including each figure of the plates) should be numbered consecutively 
from 1 up, in arabic numerals, and each figure should be referred to in the text. The author’s 
name, title of the paper, and figure number should be written in the lower left-hand corner 
of the sheets on which the illustrations appear. Captions should not be written on the 
illustrations (see Manuscripts (i) ). 

ii) Line drawings 

Drawings should be carefully made with India ink on white drawing paper, blue tracing 
linen, or co-ordinate paper ruled in blue only; any co-ordinate lines that are to appear in 
the reproduction should be ruled in black ink. Paper ruled in green, yellow, or red snould 
not be used unless it is desired to have all the co-ordinate lines show. All lines should be 
of sufficient thickness to reproduce well. Decimal points, periods, and stippled dots should 
be solid black circles large enough to be reduced if necessary. Letters and numerals should 
be neatly made, preferably with a stencil (do NOT use typewriting), and be of such size 
that the smallest lettering will be not less than 1 mm. high when reproduced in a cut 3 in. wide. 

Many drawings are made too large; originals should not be more than 2 or 3 times the 
size of the desired reproduction. In large drawings or groups of drawings the ratio of height 
to width should conform to that of a journal page but the height should be adjusted to make 
allowance for the caption. 

he original drawings and one set of clear copies (e.g. small photographs) are 
to be submitted. 
(iii) Photographs 

Prints should be made on glossy paper, with strong contrasts. They should be 
trimmed so that essential features only are shown and mounted carefully, with rubber cement, 
on white cardboard with no space or only a very small space (less than 1 mm.) between 
them. In mounting, full use of the space available should be made (to reduce the number of 
cuts required) and the ratio of height to width should correspond to that of a journal page 
(4¢ X 73 in.); however, allowance must be made for the captions. Photographs or groups 
of photographs should not be more than 2 or 3 times the size of the desired reproduction. 

Photographs are to be submitted in duplicate; if they are to be reproduced in 
groups one set should be mounted, the duplicate set unmounted. 

Reprints 

A total of 50 reprints of each paper, without covers, are supplied free. Additional 
reprints, with or without covers, may be purchased. 

Charges for reprints are based on the number of printed pages, which may be calculated 
approximately by multiplying by 0.6 the number of manuscript pages (double-spaced type- 
written sheets, 8} X 11 in.) and including the space occupied by illustrations. An addi- 
tional charge is made for illustrations that appear as coated inserts. The cost per page is 
given on the reprint requisition which accompanies the galley. 

Any reprints required in addition to those requested on the author’s reprint requisition 
form must be ordered officially as soon as the paper has been accepted for publication. 
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